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Abstract 
A series of novel macrocyclic ligands bearing amine and phenol donor atoms was 
synthesised, with differing substituents on the aromatic ring. These ligands were designed to 
allow incorporation of two metal centres in proximity within a flexible macrocyclic cavity. 
From these ligands, three new bimetallic zinc acetate complexes were produced. These 
complexes were the most active catalysts for the copolymerisation of CO2 and cyclohexene 
oxide at 1 atm CO2 pressure, which could significantly reduce the energy cost of plastic 
production. The catalysts produced poly(cyclohexene carbonate) with near-perfect CO2 
incorporation. Variation of reaction conditions showed the catalysts were tolerant of 
water/oxygen, and active under low loadings. Trimetallic complexes were also synthesised, 
showing an externally bound zinc site to exhibit reduced activity. The copolymers produced 
had low molecular weights (<20,000 g/mol), probably due to chain transfer reactions.  
Replacement of zinc with cobalt(II) increased the activity tenfold, probably due to the more 
nucleophilic cobalt-carbonate bonds. Oxidation of the Co(II)/Co(II) complex produced a 
mixed valence Co(II)/Co(III) complex; characterised by X-ray crystallography, UV-Vis 
spectroscopy and magnetic measurements. The complexes showed extremely high activity 
under 1 atm CO2, furthermore, at 10 atm, an activity similar to the best catalysts was 
observed. Both ionic and neutral cobalt(II) halide complexes were synthesised. These 
complexes showed slightly higher molecular weights, but lower activities. By coordinating 
strong nucleophilic donors (such as 4-dimethylaminopyridine) to the metal centre, the 
catalytic activity was significantly reduced, a result which led to the proposal of a bimetallic 
mechanism. 
The use of other epoxides (e.g. propylene oxide and styrene oxide) in the copolymerisation 
was attempted. However, the catalysts were inactive for copolymerisation with these 
epoxides. The terpolymerisation of cyclohexene oxide, CO2 and propylene oxide showed 
poor control and activity. The block copolymerisation of PCHC with lactide was also 
investigated producing, tri-block copolymers. 
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1.1 CO2 activation  
1.1.1 Environmental Impacts 
With the predicted depletion of oil reserves,1 there is an increasing drive for alternative 
sources for fuels, chemicals and plastics. The use of plants for production of both fuels (e.g. 
bio-ethanol) and plastics (e.g. poly(lactide) - PLA) is one option, although with an ever-
increasing population there are concerns over the use of arable crops for products other than 
food. Carbon dioxide, amongst the greenhouse gases responsible for climate change, presents 
an exciting alternative C-1 source for both fuels (such as methanol) and materials.2 In its 
favour, CO2 is cheap, non-toxic and highly abundant; it is also the waste product of many 
industrial processes such as power generation, much manufacturing and fermentation 
(brewing). Much effort is currently focussed on the capture and sequestration of industrially 
produced CO2; the use of this CO2 to produce useful materials or even fuels would add 
significant financial incentive for this technology.3 However, CO2 is a highly stable and inert 
molecule, and at present there are limited options for its activation since significant activation 
energy usually needs to be applied. For example, electrochemical or photochemical energy is 
required in the reduction of CO2 to methanol, formic acid, formaldehyde and methane.4 
Chemical energy, in the form of highly reactive molecules such as epoxides, H2, amines and 
organometallic compounds, can also be used to activate CO2.5-8  
 
1.1.2 Reactions of CO2 and Epoxides 
One of the most promising routes for the chemical activation of CO2 is its reaction with 
epoxides, in conjunction with metal catalysts, to produce either polycarbonates (rigid, 
transparent polymers which could be used in engineering thermoplastics, or as components in 
adhesives/foams or packaging)9, 10 or cyclic carbonates (high-boiling solvents used as 
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electrolytes in batteries, cleaning processes etc.).6 This reaction is of high interest as aromatic 
polycarbonates, particularly ‘Polycarbonate’ (poly(oxycarbonyloxy-1,4 phenylene 
isopropylidene-1,4phenylene), are an extremely useful class of thermosetting polymer. 
However, the synthesis of Polycarbonate is achieved by a polycondensation reaction between 
Bisphenol-A (thought to be carcinogenic) and phosgene (a highly toxic, corrosive gas classed 
as a chemical weapon by the UN). By replacing phosgene with non-toxic CO2, the synthesis 
of polycarbonates could become both less toxic and more sustainable. 
 
Scheme 1.1: Synthesis of polycarbonates and cyclic carbonates by the reaction between epoxides and CO2, for 
simplicity the mechanism is illustrated with ethylene oxide (EO).  
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The production of polycarbonates occurs via epoxide ring opening, and is propagated by the 
repeated insertion of CO2 into the metal alkoxide bond and binding/ring opening of an 
epoxide by a metal carbonate to yield a new metal alkoxide. There are two methods of 
initiation, each of which mimics one of the copolymerisation steps (see Scheme 1.1). Using a 
metal carboxylate, halide or other nucleophile (e.g. N3-), the first step involves the ring 
opening of an epoxide, followed by CO2 insertion (1). If a metal alkoxide is used, the first 
step is the insertion of CO2 into the metal alkoxide, followed by ring opening of the epoxide 
(2). The chain is propagated, producing a copolymer, by alternating nucleophilic epoxide 
opening and CO2 insertion into the metal alkoxide bond. The ring opening of an epoxide, to 
produce a metal alkoxide, can also be followed by the (disfavoured) insertion of another 
epoxide, producing an ether linkage (3). For the production of polycarbonates, the presence 
of ether linkages is undesirable as it weakens the copolymer.9 The deliberate 
homopolymerisation of epoxides to produce polyethers is also possible; usually it is achieved 
using Lewis acidic catalysts. The production of cyclic carbonate by-products occurs by a 
back-biting reaction between the growing polymer chain-end, whereby the metal alkoxide 
species attacks the nearest carbonate linkage, and extrudes a 5-membered carbonate ring and 
new (one unit shorter) metal alkoxide (4). Termination of the reaction is normally achieved 
by addition of a dilute acid, which cleaves the metal alkoxide/carbonate bond.  
 
Figure 1.1: Common epoxides. 
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The cyclic carbonate is the thermodynamic product, generally favoured at higher 
temperatures, particularly when using aliphatic epoxides, such as propylene oxide (PO – see 
Fig. 1.1), ethylene oxide (EO), 1-butene oxide (BO) and styrene oxide (SO). This has meant 
that catalysts active under low temperatures (~25-45 °C) have usually been required for the 
copolymerisation of these epoxides with CO2. More recently, several highly functionalised 
single component cobalt salen catalysts were selective for polycarbonate formation, even at 
elevated temperatures and using PO.11-14 For alicyclic epoxides, such as cyclohexene oxide 
(CHO), the bicyclic carbonate has considerable ring strain, and thus there is a larger barrier to 
its formation, and therefore higher temperatures are required to form it.15 Many 
copolymerisation reactions using CHO have been carried out at temperatures as high as 
100°C with only a small quantity (<5 %) of cyclic carbonate produced. Kinetic analyses of 
the formation of both cyclic and polycarbonate products with chromium salen catalysts 
showed the kinetic barrier to polycarbonate formation to be 47 and 68 kJ mol-1 for CHO and 
PO respectively.15 The barriers to cyclic carbonate formation were found to be 133 and 100 
kJ mol-1. For CHO, the difference between the activation energies of cyclic carbonate and 
polycarbonate formation was 86 kJmol-1, whilst this difference was only 32 kJ mol-1 for PO. 
This illustrates the influence of ring-strain on the stability of cyclohexene carbonate, and 
demonstrates why cyclic carbonates are more readily observed with aliphatic epoxides.   
The mechanism by which CO2 inserts into a metal alkoxide bond has not been thoroughly 
established. Reports with other low valency organometallic compounds have suggested a 
concerted mechanism, which proceeds via a four-membered transition state as the likely 
mechanism.10, 16, 17 This is considered to be the most likely mechanism for CO2 insertion. 
However, one theoretical study with chromium salen complexes suggested de-coordination of 
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a salen phenoxy-donor followed by pre-coordination of CO2 to the metal centre in this vacant 
site.18 
 
Figure 1.2: Proposed four-membered transition state for concerted CO2 insertion. 
 
1.1.3 Copolymer Properties 
For a comparison of catalysts and copolymers, there are several factors to consider. In terms 
of copolymer properties, there are four main criteria to assess. As the incorporation of ether 
linkages is undesirable, the carbonate content (% carbonate) of the polycarbonate is generally 
reported, with a desirable copolymer quality being >99 % carbonate linkages (as determined 
by 1H NMR spectroscopy – see 3.2.2 for details). It is also important to consider the 
selectivity of copolymer vs. cyclic carbonate formation (selectivity (%)), particularly for 
aliphatic epoxides where the cyclic carbonate by-product is favoured at elevated 
temperatures. The number-averaged-molecular weight (Mn) is defined as the sum of the 
weights (Mi) of polymer chains divided by the number of polymer chains (Ni).  
ܯ௡ ൌ  
∑ ܯ௜ ௜ܰ
∑ ௜ܰ
, ܯ௪ ൌ  
∑ ܯ௜ଶ ௜ܰ
∑ ܯ௜ ௜ܰ
 
This is often used to indicate the degree of polymerisation (DP) and therefore the length of 
the polymer chain produced, which has an important bearing on mechanical strength and 
thermal properties, such as glass transition temperature (Tg) and melting temperature (Tm). 
This is particularly important at molecular weights beneath Mn = 30,000, where the polymer 
end groups have a significant effect on polymer properties.19 Mn is generally measured by 
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gel-permeation-chromatography (GPC) versus polystyrene standards, although if end groups 
can be observed using 1H NMR spectroscopy, this can also be used to estimate molecular 
weight. No method currently exists for determining the absolute molecular weights for 
aliphatic polycarbonates. For the remainder of this thesis, the term molecular weight will be 
used interchangeably with Mn, in line with much of the literature in this field. 
The ratio of weight-averaged molecular weight (Mw) and Mn (Mw/Mn – also called 
polydispersity index (PDI)) is an indicator of how controlled the polymerisation is. In a 
perfectly controlled (living) polymerisation, PDI < 1.1. A range of other experiments must 
also be conducted to establish a controlled polymerisation. Other requirements for the formal 
definition of a controlled polymerisation include the rate of initiation (ki) being significantly 
greater than the rate of propagation (kp), leading to a chain length dependent on the 
concentration of catalyst. A controlled polymerisation should also exhibit a linear relationship 
between Mn and % conversion, and a linear increase in Mn with 1/[catalyst]0. Also, it should 
have low rates of chain transfer/termination vs. propagation (the situation where chain 
transfer rates are higher than propagation rates is referred to as ‘immortal polymerisation’). 
Finally, the propagating species should be capable of initiating further polymerisation on 
addition of further eq. of monomer – i.e. block copolymers can be selectively prepared.20 
 
1.1.4 Catalyst Activity and Conditions   
The catalyst ‘productivity’ is measured by turn-over-number (TON) which is commonly 
defined as moles epoxide consumed per mole metal so as to enable comparison of 
mononuclear, dinuclear and polynuclear catalysts. The activity, a measure of the catalyst’s 
rate, is measured by the turn-over-frequency (TOF) which is defined as TON/h. For the sake 
of consistency with various reviews, TON and TOF will be defined here as ‘moles epoxide 
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consumed per mole metal’, however for copolymerisation results in further chapters they will 
be defined as ‘moles epoxide consumed per mole catalyst’, for reasons outlined in Chapter 3.  
The copolymerisation conditions are also an important consideration when comparing 
catalysts. In order for this process to be sustainable and energy efficient (and not producing 
more CO2 than is used) catalysts active under mild conditions (particularly pressure) are 
required. Pressurisation of CO2 requires a lot of energy, so the development of catalysts 
active at atmospheric pressure would significantly reduced the energy cost, and could make 
the process carbon-consuming.  
 
1.1.5 Chain Transfer Reactions 
 
Scheme 1.2: Chain transfer reaction between growing copolymer chains and alcohols. 
 
A controlled polymerisation (as defined above), should lead to predictable polymer molecular 
weights, inversely proportional to the catalyst concentration (loading). In practice, the 
molecular weights observed for both poly(propylene carbonate) (PPC) and poly(cyclohexene 
carbonate) (PCHC) are nearly always significantly lower than the value of Mn which would 
be predicted based upon epoxide conversion and catalyst loading.9, 10, 21 This is commonly 
attributed to the presence of trace amounts of protic sources (usually reported to be water, but 
which could possibly be alcohols and acids) in the reaction mixture, which are responsible for 
chain transfer reactions (see Scheme 1.2). The molecular weights are reduced in the presence 
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$of chain transfer agents as the number of chains per metal centre increases to greater than 
one.  
1.2 Initial discoveries 
1.2.1  Heterogeneous Catalysts 
The copolymerisation of epoxides and CO2 was first discovered in 1969 by Inoue et al, who 
reported the copolymerisation of PO and CO2 using a 1:1 mixture of ZnEt2 and H2O, 
producing low weight poly(propylene carbonate) (PPC) with a turn-over-frequency (TOF – 
mol. epoxide consumed per mol. metal per hour) of 0.12 h-1.22 The catalyst was only active 
under 20-50 atm CO2 pressure. This discovery was followed up by research during the 1970s 
and 1980s into the use of other di- and trihydric sources with ZnEt2, such as m-
hydroxybenzoic acid, iso-phthalic acid and 4-bromopyrogallol, which increased the TOFs up 
to 0.45 h-1 (m-hydroxybenzoic acid, 40 atm, 35 °C).23, 24 Subsequently, Hattori and co-
workers synthesised a new catalyst system based upon Zn(OH)2 and glutaric acid, giving a 
TOF of 1.1 h-1, producing a copolymer of Mn = 11,000 g/mol at 60 °C and 30 atm. This was 
further increased by the replacement of Zn(OH)2 with ZnO which improved the Zn-glutarate 
synthesis and increased the TOF to 3.4 h-1.25 Whilst these heterogeneous catalysts showed 
good selectivity and moderate activity, the precise nature of the active sites is still unknown, 
whilst the inhomogeneity of the active sites produces copolymers with broad PDIs. It also 
precludes rational improvements to catalyst activity. The bulk of the research in this field has 
been focussed on homogeneous catalysts, which are easier to characterise and, therefore, lend 
themselves much more easily to structure/activity relationships, kinetic studies and 
mechanistic investigations.      
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1.2.2 Initial Homogeneous Catalysts 
The first discrete homogeneous catalysts were also reported by Inoue and co-workers, in 
1978.26 Several aluminium tetraphenylporphyrin (tpp) complexes ([(tpp)AlX], X = Cl, OMe, 
1) were active for the copolymerisation of PO and CO2, in the presence of a co-catalyst 
(EtPh3PBr), producing poly(propylene carbonate) (PPC) with Mn between 3500 and 6000 
g/mol and PDIs below 1.10. However, the copolymerisation took thirteen days to reach 
completion. The low molecular weights were attributed to chain transfer reactions.  
 
Figure 1.3: Early homogeneous catalysts for the copolymerisation of epoxides and CO2. 
 
Another important breakthrough was made in 1995, when Darensbourg et al. reported a 
series of zinc bis-phenoxide complexes, the first discrete zinc catalysts active for this 
copolymerisation.27 Although Kuran et al. had previously reported the combination of ZnEt2 
and phenoxides, these were generally heterogeneous and ill-defined complexes,24, 28, 29 whilst 
those reported by Darensbourg were homogeneous complexes with well-defined structures. 
The most active of these catalysts (2b) showed a TOF of 9.6 h-1 at 80 °C and 55 atm using 
CHO, producing high molecular weight PCHC (Mn = 40,000 g/mol).30 There were some 
drawbacks to these catalysts, including very large polydispersities (up to 6), which were 
attributed to catalyst aggregation phenomena and large amounts of ether linkage 
incorporation. For example, complex 2b produced PCHC with > 50 % ether linkages. The 
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high incorporation of ether linkages is unsurprising as the catalysts were also active for the 
homopolymerisation of epoxides. A series of dinuclear zinc phenoxides were also reported, 
featuring halide substituents on the phenoxide rings (3a).31 This was an important discovery, 
as it was found that fluorinated phenoxides were the most active catalysts, suggesting that 
electron-withdrawing groups that reduce the electron density of the metal centre increased the 
catalytic activity. It has been suggested that this led to a stronger epoxide/CO2 binding, 
resulting in more active catalysts.32 All these initial discoveries required the use of highly 
forcing CO2 pressures (20-60 atm), which given the low activity of the catalysts meant a 
substantial energy input was required. 
 
1.3 Zinc β-Diiminate Catalysts  
 
Figure 1.4: Structures of zinc β-diiminate complexes. 
 
The first highly active and well-defined homogeneous catalysts were the zinc β-diiminate 
complexes, first reported by Coates and co-workers in 1998 (see Fig. 1.4).33 These complexes 
were extremely active, under relatively moderate conditions, for copolymerisation of CHO 
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and CO2 (50 °C, 7 atm). Comprehensive structure/activity studies were carried out, revealing 
the catalytic activity to be highly dependent on the size of the substituents on the aryl ring 
and practically independent of the initiating group.32, 34 The complexes were found to be in a 
monomer/dimer equilibrium under copolymerisation conditions, using 1H NMR spectroscopy 
and single crystal X-ray crystallography. The use of highly bulky substituents such as tert-
butyl and iso-propyl groups in the 2, 4 and 6-positions (4) gave exclusively a monomeric 
structure, whilst the use of small groups (e.g. methyl), in the 2 and 6 positions, gave a tightly 
bound dimer in solution (5a). Interestingly, neither of these complexes was particularly 
active. The use of substituents of intermediate size (5b) led to a monomer/dimer equilibrium 
in solution, and highly active complexes (TOF = 729 h-1). The copolymer was produced with 
99% carbonate linkages and a molecular weight of 23,300 g/mol, with a PDI of 1.10, 
showing the copolymerisation was well controlled. It was, therefore, suggested that the 
catalysts were only highly active when substituents allowed for the formation of a loosely-
held dimer. Although no catalytic data was reported, the paper referred to the observation that 
the complexes were active at 20 psi (1.3 atm), amongst the first catalysts reported to be active 
under such a low pressure. 
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Figure 1.5: Zinc β-diiminate complexes with electron-withdrawing substituents. 
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Substitution of the BDI backbone with various electron-withdrawing substituents further 
increased catalytic activity; 6 produced PCHC with a TOF of 2290 h-1, at just 50 °C and 7 
atm.35 This finding was in agreement with the zinc-phenoxide catalysts, where the 
introduction of electron-withdrawing groups increased activity due to reduced electron 
density at the metal centre. Meanwhile, the addition of a CF3 group to the backbone in 7 
produced the first BDI-Zn complexes to show significant activity using PO; producing PPC 
(Mn = 36,700 g/mol, PDI = 1.13) with a TOF of 235 h-1, at 25 °C and 7 atm.36 Even though 
the temperature was reduced to 25 °C, only 75 % selectivity for copolymer formation was 
observed, although the copolymer was reported to contain perfectly alternating carbonate 
linkages (i.e. >99 % carbonate). More recently, other groups have attempted variations on the 
BDI ligand structure, including the addition of an ethoxy substituent to the backbone (8); 
however, this only showed moderate activity (TOF 200 h-1 for CHO) under 40 atm 
pressure.37, 38 Whilst the zinc BDI catalysts were extremely active under mild conditions 
showing good selectivity and control, they have one main drawback. The catalysts are 
extremely sensitive to moisture and, therefore, have to be handled under inert atmosphere, 
which increases handling difficulties and costs.  
Kinetic and mechanistic investigations were undertaken, however, both of which implied a 
bimetallic mechanism.32 It should be mentioned that the IUPAC definition of ‘bimetallic’ 
normally refers to heterometallic dinuclear complexes (e.g. Fe/Zn), whereas throughout this 
area of the literature and this thesis the term ‘bimetallic’ is used for homometallic dinuclear 
complexes (e.g Zn/Zn). The stoichiometric reaction of acetate bridged dimers (e.g. 5b) and 
CHO gave a product with only one ring-opened epoxide incorporated, which did not react 
further with CHO (see Fig. 1.6). CO2 was found to insert into the bridging alkoxide product, 
which mimics the next step in the copolymerisation. Reaction kinetic data indicated a second 
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order dependence upon zinc concentration. Both of these findings led to the assertion that 
these catalysts operated by a co-operative bimetallic mechanism (see Fig. 1.6). It was 
proposed that whilst the growing chain is bound in a bridging fashion between two zinc 
centres, the epoxide is coordinated at one metal centre whilst the other metal centre delivers 
the growing chain to ring open the epoxide. The resulting alkoxide can then undergo CO2 
insertion, forming a metal carbonate. The two steps are then repeated, producing an 
alternating polycarbonate.  
 
Figure 1.6: Representation of the molecular structure (from X-ray crystallography) of the product of the 
reaction between 4b and CHO (left). The proposed bimetallic transition state (right). 
 
Various earlier studies have also pointed at a bimetallic mechanism with a number of 
catalysts. Kuran et al. proposed a bimetallic active site for the combination of ZnEt2 and 
various di-/triols,39, 40 whilst Jacobsen et al. suggested a bimetallic pathway for the initiation 
step in the asymmetric ring opening of epoxides when using chromium salen catalysts in the 
absence of a co-catalyst.41 The previous precedent, high activity and selectivity of the Zn-
BDI complexes and the compelling evidence of their bimetallic mechanism led several 
groups to target bimetallic species (particularly with zinc) in the search for new catalysts for 
this copolymerisation reaction.  
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1.4 Bimetallic Catalysts 
1.4.1 Anilido Aldimine Complexes 
In 2005, Lee and co-workers reported perhaps the most significant of the new bimetallic 
complexes, a series of zinc anilido-aldimine complexes (9a-f), which showed extremely high 
TONs (700-3000) for the production of PCHC.42  
 
Figure 1.7: Anilido-aldimine zinc complexes. 
 
The complexes used methyl sulfinate initiating groups, which had previously been reported 
as good initiating groups for zinc-BDI complexes.43 The catalysts produced copolymers with 
high molecular weights (90,000-280,000 g/mol), although the PDIs (1.30-1.70) were 
somewhat broad and the carbonate inclusion ranged from 85- 96 %, a common feature of zinc 
catalysts. The catalysts were the first discrete complexes to yield copolymers of such high 
molecular weights and TONs, because they could operate under lower loadings (down to 
1:16,800 Zn:CHO) than previously reported catalysts (which tended to operate at a 1:1000 
loading). Structural variation revealed that bulky R groups on the phenyl rings linking with 
the ligand backbone reduced the activity (9f), whilst a bulkier R’ group on the terminal 
phenyl rings (9c and 9e) increased the activity. This latter effect reflects the structure/activity 
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studies carried out with the zinc BDI complexes. Interestingly, similar macrocyclic 
complexes (10) showed no activity at all, which was attributed to the steric bulk of the 
complexes. A series of fluorinated analogues was later synthesised by the same group.44 The 
same structure/activity relationships were observed, with 9g being the most active. Under the 
same conditions (1:5600, 80 °C, 14 atm) fluorinated 9g showed a TOF of 785 h-1, 
approximately 2.5 times greater than its unfluorinated analogue (9c). This increase in activity 
could be attributed to two effects: firstly, as with the zinc BDI and bis-phenoxide complexes, 
electron-withdrawing fluorine substituents can reduce the electron density at the metal 
centres, aiding CO2/epoxide binding. Secondly, the electron-withdrawing fluorines could be 
considered to decrease the basicity of the anilido nitrogen donor, making the complexes less 
sensitive to protic impurities. This second influence was used to rationalise the increased 
stability of the complex under even lower catalyst loadings (1:50,000) which gave much 
higher TON/TOFs of 9440 and 2860 h-1 respectively, amongst the highest activities attained 
with CHO. The fluorinated complexes produced PCHC of similar molecular weights 
(>100,000 g/mol), however the PDIs were broader than the unfluorinated analogues (1.20-
2.50) and the carbonate content was reduced to 60-80 %. Whilst these complexes were 
extremely active, they required moderate conditions (14 atm) and produced copolymers of 
relatively poor quality when compared to other catalysts. The complexes were later shown to 
be inactive with PO.12 
  
1.4.2 Phenolate Dinuclear Complexes 
In the same year, Xiao et al reported a di-zinc complex, coordinated with the Trost phenolate 
ligand, which was moderately active for CHO/CO2 copolymerisation, although the precise 
nature of the catalyst was not described as it was prepared in situ by the reaction between the 
ligand, ZnEt2 and ethanol (Fig. 1.8).45 The structure proposed is 12, and although a variety of 
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alcohols were investigated, ethanol gave the best activity, producing PCHC with a TOF of 
142 h-1 at 1:500 loading, 20 atm and 80 °C. Most interestingly, the catalyst was active under 
just 1 atm CO2 pressure, albeit at a catalyst loading of 5 mol % (1:20), giving a TOF of 3 h-1. 
Although the activity was low, and the loading of catalyst required was high, reasonable 
molecular weights (~20,000 g/mol) were observed. 
 
Figure 1.8: Bimetallic zinc and magnesium complexes, ligated by theTrost phenolate ligand. 
 
Replacing the two zinc centres with magnesium (13) reduced the activity, under lower 
loadings, however the catalyst was more active at 1 atm CO2 pressure, producing a similar 
TOF at 60 °C, instead of 80 °C.46 The copolymers had reasonable molecular weights (20,000-
40,000 g/mol), although the PDIs were around 1.60. Although the complexes were active 
under 1 atm pressure, they were poorly defined, highly air-sensitive and active under high 
loadings (presumably because of their sensitivity). 
 
1.4.3 Bimetallic Zinc-BDI Catalysts 
Given the high activity of BDI complexes, and the dimeric nature of the most active species, 
two attempts were made at combining two BDI sites into a single ligand, via a bridging 
backbone, to create a fixed binuclear complex. A novel bimetallic BDI ligand structure 
(14a,b) which places two zinc sites parallel to each other, rather than face to face, was 
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prepared with the aim of testing any cooperative bimetallic mechanism.47 The resulting di-
zinc complexes showed very low activity with CHO (max TOF 9 h-1), probably due to the 
catalyst steric bulk. 
 
Figure 1.9: Fixed bimetallic BDI complexes. 
 
The bridging of two BDI sites via para- and meta- substituted phenyl groups and meta-
pyridinyl substituents gave substantially more active complexes (with CHO), of which the 
best was 15.48 It showed a TON of 1196 and a maximum TOF of 262 h-1, at 10 atm and 60 
°C. This represents quite reasonable activity, under relatively moderate conditions. Greater 
than 99 % carbonate linkages and quite high molecular weights (45,000 – 100,000 g/mol) 
were observed, with PDIs of 1.20-1.40, showing the copolymerisation to be well controlled. 
Analogous calcium complexes were also synthesised, but were completely inactive.  
 
1.5 Metal Salen Catalysts 
1.5.1 Chromium Catalysts 
The first example of an active chromium complex was reported in 2000 by Holmes and co-
workers; a fluorinated chromium porphyrin complex which was active for CHO/CO2 
copolymerisation (with N-dimethylaminopyridine (DMAP) as a co-catalyst).49 The complex 
was active under harsh conditions (110 °C in scCO2 (222 atm)), producing a TOF of 150 h-1. 
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The copolymers were all of low molecular weight (<10,000 g/mol) although low PDIs 
(around 1.1) were reported. Subsequent to this, others, most notably the Darensbourg group, 
developed chromium salen (salen = salicylaldimine) complexes as highly active catalysts. 
The complexes have become (together with cobalt analogues) work-horses for this 
catalysis.10  
 
Figure 1.10: Chromium salen complexes and the proposed activation routes using nucleophilic or ionic co-
catalysts. 
 
An important discovery was made when chromium salen complexes (Fig. 1.10), highly active 
for the asymmetric ring opening of epoxides,50 were found to copolymerise epoxides and 
CO2, a finding first reported in a patent.51 Catalyst 16a was active for CHO, but only with a 
nucleophilic co-catalyst, N-methylimidazole (MeIm).52 The co-catalyst function is generally 
proposed to be to bind at a site trans to the initiating group, weakening the axial bond and 
allowing for facile epoxide insertion, although depending on the nature of the co-catalyst 
various other mechanisms have been proposed.10 In some cases both the anionic co-ligand 
and the co-catalyst donor have been shown to initiate polymerisation.53, 54 There are two 
classes of co-catalyst frequently used with salen (and porphyrin) catalysts: neutral (e.g. 
nucleophiles like MeIm) and ionic species (e.g. ammonium salts such as Bu4NX). The 
combination of salenCr complexes and ionic salts leads to stable ionic complexes 
[salenCrXY][R4N], which have recently been isolated and characterised by X-ray 
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crystallography,55 whilst the coordination of nucleophilic co-catalysts (forming 
[salenCrX(Nu)] has been observed using in-situ mass spectrometry studies.54  
A wide variety of ligand substitutions, initiating groups and co-catalysts has been 
investigated,56-58 leading to a large increase in activity, with complex 16b and 
bis(triphenylphosphoranylidene)ammonium azide ([PPN]N3) giving a maximum TOF of 
1153 h-1, at 80 °C and 35 atm. These complexes have also shown activity for PO 
copolymerisation,59 17 being the most active of these, producing PPC with a TOF of 192 h-1 
at 60 °C and 34 atm, with 93 % copolymer selectivity and 99 % carbonate linkages.60 The 
molecular weights are in the range 13,000- 26,000 g/mol, with PDIs of around 1.10.  
 
Figure 1.11: Comparison of salen, reduced salan and partially reduced ‘salalen’ complexes and proposed 
bidentate copolymer coordination mode with reduced ligands. 
 
More recently, reduced versions of the salen ligand have been reported including ‘salan’ 
(both imine functionalities reduced to amine groups - 19) and partially reduced ‘salalen’ 
complexes (only one reduced imine group - 20).61 Complex 19b was the most active of the 
salan complexes, producing PCHC with a TOF of 405 h-1, at 60 °C and 34 atm.62 These 
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complexes have been shown to be significantly more active than the salen counterparts, under 
reduced pressures (6 atm). More impressively, 20 showed excellent activity under 
atmospheric pressure (TOF = 100 h-1, Mn = 8700 g/mol, PDI = 1.15). In contrast, most 
salenCr catalysts require elevated pressures (typically around 30-50 atm) for 
copolymerisation. This difference in activity under reduced pressures was attributed to the 
increased flexibility of the reduced ligands, which unlike their salen counterparts are not held 
in a plane (see. Fig. 1.11). They can therefore rearrange easily, and alternate their 
coordination between equatorial and axial sites. This coordinative flexibility allows the 
growing carboxylate chain to coordinate in a bidentate fashion, which significantly reduces 
the barrier to CO2 insertion and prevents decarboxylation reactions.61  
 
1.5.2 Cobalt Salen Catalysts 
 
 
 
 
 
Figure 1.12: Cobalt salen complexes. 
 
The replacement of chromium for cobalt in salen complexes was first reported in 2003 by 
Coates and co-workers (21a, Fig. 1.12).63 Using PO, this metal substitution substantially 
increased both the activity and selectivity of the catalysts. The first report showed the catalyst 
was active, without a co-catalyst, giving a TOF of 70 h-1 and 99 % selectivity. However, the 
use of co-catalysts, and other initiating groups (e.g. 21d), significantly increased the 
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activity.64 The following year, Coates and co-workers published an excellent study using 
complexes 21a-c and comparing the influence of the initiating group and co-catalyst.53 In the 
absence of co-catalysts, the TOFs were dependent on the nature of the X group, with the 
highest activities resulting from 21c (90 h-1, 500:1, PO:21c, 22 °C, 54 atm); this was due to a 
difference in the initiation period between the different complexes. Using [PPN]Cl (1:1) and 
at lower loadings, catalyst 21b produced PPC selectively from rac-PO with a TOF of 620 h-1, 
giving a copolymer with a molecular weight of 26,800 g/mol and a PDI of 1.13. Using the 
molecular weights derived from GPC analysis, it was concluded that when the complexes 
were used alone, one copolymer chain grew per cobalt centre, whereas when the co-catalysts 
were applied, two copolymer chains grew per cobalt centre (due to initiation from the co-
catalyst anion).  
Lu and co-workers then reported a detailed study using salenCoX complexes and PO, 
investigating a number of different ligand substitutions, initiating groups (such as Cl-, Br-, 
NO3-, ClO4-), and a variety of different co-catalysts (R4NX, [PPN]X, MeIm, N-methyl-TBD – 
TBD = N-substituted 1,5,7-triazabicyclo-[4.4.0]-dec-5-ene).65  Using 21d it was found that 
for ionic co-catalysts bulky co-cations performed best, whilst large nucleophiles such as N-R-
TBD were preferred to small ones (which inhibited copolymerisation, presumably by 
competitive binding with epoxides). A maximum TOF of 1400 h-1 was observed with one 
equivalent of [PPN]Cl at 45 °C and 20 atm, giving a copolymer with Mn of 25,900 g/mol and 
a PDI of 1.08, with 97 % copolymer selectivity. ESI-Q-ToF mass spectrometry revealed N-
methyl-TBD (MTBD) was an initiating group, showing that nucleophilic co-catalysts are also 
capable of initiating the copolymerisation. It was noted that neither 21d, nor MTBD, showed 
any activity for the copolymerisation by itself.    
1.5.3 Single Component Cobalt Catalysts 
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In 2006, Nokano et al., reported a novel cobalt salen catalyst with two ‘side arms’ bearing 
piperidine and piperidinium groups (22). The protonated piperidinium arm was proposed to 
prevent cyclic carbonate formation by protonating the copolymer chain upon its dissociation 
from the metal centre, preventing the back-biting reaction that leads to cyclic carbonate 
formation (Fig. 1.13). This allowed copolymerisation of PO to occur at 60 °C, with only 10% 
cyclic carbonate produced.66 This has since led to the development of several other cobalt 
salen catalysts with specially designed side arms, enabling further improvements in both 
activity and selectivity.  
 
Figure 1.13: One component cobalt salen catalysts. 
 
The combination of ammonium salts into the ligand structure, as in 22, 23 and 24, produced 
catalysts with an ‘in built’ ionic co-catalyst. As a result, the catalysts were active under 
significantly reduced loadings and at higher temperatures, producing much higher activities. 
23 was active under loadings as low as 1:50,000 (23:PO), producing PPC with a TON of 
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14,500 and a TOF of 3,200 h-1, at 80 °C and 20 atm.12 The highest molecular weight attained 
was 95,000 g/mol; significantly greater than those produced by the two-component systems 
such as 21d/co-catalyst, which cannot function under such low loadings and generally 
produce copolymers with maximum molecular weights of approximately 30,000 g/mol. The 
intramolecular nature of the co-catalyst also allows activity under commercially relevant 
temperatures (80 °C), whilst maintaining a reasonable selectivity for copolymer formation 
(84 – 100 %), indeed 23 was the first catalyst for PO to give good copolymer selectivity at 
these temperatures.   
Catalysts 24a-c contained four tertiary amine cations, in contrast to the two in 23. 24c was the 
most active, producing PPC with a TOF of 26,000 h-1 at 1:25,000 loading, 80 °C and 20 atm; 
by comparison, under the same conditions 23 gave a TOF of 3,300 h-1. 24c also showed 
>99% selectivity for copolymer formation, even at a loading of 1:100,000, which produced a 
copolymer of molecular weight 285,000 g/mol with a TON/TOF of 22,000 in one hour. The 
catalyst was still active at a loading of 1:150,000 and the selectivity was an impressive 96 %. 
A method was proposed whereby the catalyst could be recovered from the copolymer. This 
has the potential to reduce catalyst costs, waste streams and metal residue in the copolymer, 
which is advantageous as metal residues can cause discolouration and could raise concerns 
about potential toxicity. The catalyst showed little reduction in activity even after being 
recycled five times (the TON remained the same, although the TOF was reduced by 1/3 by 
the 5th recovery).  
Further NMR, IR and DFT analysis led to the proposal that 24c in fact adopts an unusual 
structure, with the salen ligand only coordinating in a bidentate fashion and with the imine 
arms remaining uncoordinated (Fig. 1.14, below).11 In contrast to this, 24a-b, having bulkier 
aryl substituents, adopt the usual tetradentate coordination mode (Fig. 1.12). The ‘regular’ 
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salen complexes were significantly less active for the copolymerisation of PO and CO2 than 
those which formed the bidentate structure. It was proposed that the high activity observed 
with these bidentate species was due to ‘scrambling’ of the anionic ligands. The negatively 
charged cobalt centre was proposed to facilitate neutral/anionic ligand substitution reactions 
(this was demonstrated by NMR spectroscopy). Replacement of [CoX4] with [CoX2Y2] (24e), 
where X is 2,4-dinitrophenolate and Y is the dinitrophenol-dinitrophenolate homoconjugation 
couple [DNP-H-DNP]-, improved the TOF from 13,000 h-1 to 16,000 h-1, at 70 °C and 20 
atm. The copolymer selectivity was also increased to >99 %, giving PPC with a Mn of 
300,000 g/mol and a PDI of 1.31. Replacement of DNP with other phenolates was 
investigated (as DNP is explosive), giving similar results.67 The copolymers showed a 
bimodal distribution by GPC, with one copolymer containing two hydroxyl end-groups, and 
one containing a DNP and a hydroxyl end-group. This clearly showed that trace amounts of 
water were present in the polymerisation enabling chain-transfer reactions to occur. Analysis 
of the molecular weights, by GPC, suggested that all four anions initiated the 
copolymerisation, as well as the two homocoupled phenols. 
 
Figure 1.14: Single component cobalt salen complexes with unusual binding mode. 
 
The use of Lewis base or tertiary amine co-catalysts, attached via a pendant arm, was also 
investigated (Fig. 1.15).13 The attachment of a TBD group, at the 2-position of one phenol 
donor via a propylene (26a-c) link was achieved. Complexes 26a and 26b were by far the 
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most active of these complexes, with 26b converting PO to PPC with a TOF of 10,880 h-1 at a 
loading of 1:10,000, at 100 °C and 25 atm. Copolymer selectivity was  97 %, even at 100 °C.  
 
Figure 1.15: Single component cobalt salen catalyst with pendant arm and proposed mechanism of Co(III) 
stabilisation. 
 
This high selectivity, even at high temperatures, was proposed to be due to the ability of the 
pendant groups to stabilise the active Co(III) species against decomposition to an inactive 
Co(II) species (A, Fig. 1.15), which can occur at low pressures and high temperatures. Co(II) 
salen species have previously shown good activity for the coupling of epoxides and CO2, 
producing cyclic carbonates.68 26b was also active under just 1 atm CO2 pressure, giving an 
excellent TOF of 265 h-1. 25, which features the tertiary ammonium cation, showed 
approximately 2/3 the activity of 26b under the same conditions, giving a TOF of 3860 h-1, at 
80 °C and 20 atm. However, it was later reported as an excellent catalyst for CHO 
copolymerisation, under 1 atm pressure, giving a TOF of 263 h-1 at just 50 °C, and producing 
a perfectly alternating, high molecular weight copolymer (Mn = 48,200 g/mol, PDI = 1.12).69 
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1.5.4 Bimetallic Cobalt Salen Catalysts 
Very recently, Nozaki and co-workers compared a mononuclear Co-salen complex, rac-21f, 
with a series of bimetallic cobalt salen complexes, of varying linkage distance (e.g. 27).70 The 
most active complex was 27 (n=6) which produced PPC with a TOF of 180 h-1 (3000:1, 
PO:Co, 20 °C, 52 atm), 84% carbonate linkages and a molecular weight of 36,700 g/mol 
(PDI = 1.07). 
 
Figure 1.16: Bimetallic cobalt salen complex. 
 
This activity was significantly higher than the mononuclear analogue (c.f. 21f, TOF = 20 h-1 
under the same conditions) and also greater than complexes with longer bridge lengths. The 
dependence of activity, for a bimetallic complex, on the bridge length and the increased 
activity shown at lower loadings indicated a bimetallic mechanism. On addition of [PPN]Cl 
(0.5 eq to Co), 21f and 27 showed almost equivalent activities and copolymer properties, 
indicative of a monometallic active site, regardless of the nuclearity of the catalyst. 
 
1.5.5 Other Catalysts 
Following on from the initial homogeneous Al porphyrin catalysts (1), two significant 
catalyst discoveries were made by replacing aluminium with manganese (28, Fig. 1.17) and 
cobalt (29). The manganese acetate catalyst 28 is significant as it was the first to be reported 
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as active with any epoxide at 1 atm pressure.71 At 80 °C and 1 atm, it produced PCHC with a 
TOF of 3 h-1 (95 % carbonate linkages, Mn = 3000 g/mol, PDI = 1.6). The cobalt catalyst, 29, 
was also active at just 1 atm  pressure, producing both PCHC and PPC under this pressure. At 
room temperature PCHC was produced, under this pressure, with a TOF of 3 h-1 (98% 
carbonate linkages, Mn = 1500 g/mol, PDI = 1.11), whilst PPC was produced with a TOF of 5 
h-1 with a similarly low molecular weight of 1600 g/mol (PDI = 1.22, selectivity 95 %).72 
 
Figure 1.17: Related catalyst systems 
 
A series of tetramethyltetraazaannulene (tmtaa) chromium complexes (of which 30 was the 
most active) was reported by Darensbourg.73 In conjunction with one equivalent of [PPN]N3, 
30 showed a high TON and TOF of 1300 (h-1) in one hour, at 80 °C and 34 atm, producing 
PCHC with a good molecular weight (27,000 g/mol) and low PDI (1.03). It was suggested 
that the significantly increased activity and selectivity exhibited over the porphyrin/salenCr 
complexes was due to a stronger affinity of the metal centre for the growing chain.  
Tables 1.1 and 1.2 compare the most active catalysts under high pressures and 1 atm CO2 
pressure respectively. 
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Table 1.1: Comparison of most important catalysts for the copolymerisation of epoxides and CO2. 
Epoxide Cat. T 
(°C) 
p[CO2] 
(atm) 
TONa TOF 
b 
% 
Carb.c 
% 
Select.
c 
Mnd 
g/mol 
PDId Ref 
CHO 1 20 48 100 0.3 >99 >99 6200 1.06 26 
CHO 2b 80 55 620 9.6 >90 -e) 45,000 3.8 30 
CHO 6 50 7 380 2290 90 >99 22,900 1.09 35 
CHO 9g 80 14 9440 2860 79 -e) 245,000 1.20 44 
CHO 16bf) 80 35 2686 1153 >99 >99 50,000 1.13 58 
CHO 19bf) 60 34 1620 405 -e) -e) 19,500 1.19 62 
PO 7 25 7 470 235 >99 75 36,700 1.13 36 
PO 21dg) 45 20 980 1400 >99 97 25,900 1.08 65 
PO 22 60 14 602 602 >99 90 7100 1.22 66 
PO 23 80 20 3300 3300 >99 94 71,000 1.25 12 
PO 24e 70 20 15000 15000 >99 >99 300,000 1.31 11 
PO 26b 100 25 10880 10880 >99 97 60,200 1.23 13 
a) Turn over number (mol. epoxide consumed per mol. metal). b) Turn over frequency (mol. epoxide consumed 
per mol. metal per hour). c) Determined by 1H NMR spectroscopy. d) Determined by Gel Permeation 
Chromatography (GPC) with polystyrene standards. e) Not specified. f) Used in conjunction with 1 equivalent 
of [PPN]N3. g) Used in conjunction with 1 equivalent of [PPN]Cl.  
 
Table 1:2: Catalysts active for the copolymerisation of epoxides and CO2 at 1 atm pressure. 
Epoxide 
 
Cat. Loading  
(mol %) 
T 
(°C) 
TON
a 
TOF  
(h-1)b 
% 
carb.c 
% 
Select.
c 
Mnd 
g/mol 
PDId Ref 
CHO 5b -e) - - - - 97 - - 32 
CHO 12 5 60 10 2 - - 19,200 1.56 45 
CHO 13 0.67 60 43 22 94 -e) 12,900 1.29 46 
CHO 20 0.1 70 200 100 98 >99 8700 1.10 61 
CHO 25 0.02 50 1315 263 >99 - 48,200 1.12 69 
PO 26b 0.02 25 1325 265 >99 >99 73,100 1.10 13 
CHO 29f) 0.2 25 75 3 >99 >99 1500 1.11 72 
PO 29f) 0.2 25 125 5 98 95 1600 1.22 72 
CHO 28 0.2 80 295 3 95 - 3000 1.60 74 
a) Turn over number (mol. epoxide consumed per mol. metal). b) Turn over frequency (mol. epoxide consumed 
per mol. metal per hour). c) Determined by 1H NMR spectroscopy. d) Determined by Gel Permeation 
Chromatography (GPC) with polystyrene standards. e) Not specified. f) Used in conjunction with 1 equivalent 
of [PPN]Cl. 
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1.6 Towards New Materials 
1.6.1 Properties of Polycarbonates 
There are currently concerns about the environmental impact of the plastics industry, in terms 
of both the dependence on petrochemicals and the disposal options. Polycarbonates, produced 
from the copolymerisation of carbon dioxide and epoxides, are a promising alternative to 
petrochemicals.75 There is a large range of potentially useful epoxides, both commercially 
produced and from natural sources, from which it could be possible to produce new 
polycarbonate materials with suitable properties to address the growing demand for 
sustainably produced materials. Presently, a limited range of epoxides has been successfully 
used to produce polycarbonates, including ethylene oxide (EO), 1,2-butene oxide (BO), 1,2-
hexene oxide (HO), PO and CHO,  producing poly(ethylene carbonate) (PEC), poly(butene 
carbonate) (PBC), poly(hexene carbonate) (PHC), PPC and PCHC respectively. Furthermore, 
in comparison to the widely applied poly(oxycarbonyloxy-1,4-phenylene isopropylidene-1,4-
phenylene (produced from phosgene and Bisphenol-A, commonly referred to as 
Polycarbonate) the properties of these polymers are less appealing. Polycarbonate is partially 
crystalline, transparent, has a high impact strength (9.1 Ncm-1),19 and a high glass transition 
temperature (Tg = 149 °C),19 whilst aliphatic polycarbonates possess only moderate thermal 
stability, deforming at relatively low temperatures. This prevents widespread applications.76-
79 Table 1.3 shows some selected thermal and mechanical properties of common 
polycarbonates, produced by the copolymerisation of CO2 and epoxides, and those of 
poly(bisphenol-A)-carbonate (produced by condensation polymerisation). 
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Table 1.3: Selected thermal and mechanical properties of common polycarbonates, produced by the 
copolymerisation of CO2 and epoxides. 
Copolymer Tg 
[°C]a 
Td50% 
[°C]b 
Tensile 
Strength 
[MPa] 
Tensile 
Modulus 
[MPa] 
Elongation at 
break (%) 
Ref 
PEC 10 229 - - - 76 
PPC 42 252 7-30 700-1400 600-1200 69, 78 
PBC 9 241 - - - 80 
PCHC 118 310 40-44 3500-3700 1.1-2.3 69, 79 
Polycarbonate* 149 458 43-51 2000-2800 15-75 19, 81 
Polymers produced by the copolymerisation of CO2 and epoxides (except Polycarbonate * which is produced by 
condensation polymerisation. a) Glass transition temperature determined by differential scanning calorimetry 
(DSC) b) Temperature at which 50 % mass loss is observed, determined by thermogravimetric analysis (TGA).  
 
The thermo-mechanical properties of polymers (including Tg, crystalline melting 
temperature, tensile, compressive, and flexural strengths, fatigue and impact resistance) are 
very dependent on polymer molecular weight. A levelling off in these properties is generally 
observed once chain entanglement becomes significant, usually once the molecular weight 
exceeds ~20,000 g/mol. This has caused some disparity in the literature values for thermo-
mechanical properties. For example, PPC (Mn = 26,900 g/mol) was reported to have a Tg of 
26.7 °C, whilst PPC (Mn = 114,000 g/mol) gave a Tg of 42.1 °C.82 These variations are 
particularly apparent at lower molecular weights where the chain end-groups exert a 
significant influence; PCHC (Mn = 1400 g/mol)  had a Tg of 52 °C, whilst with Mn = 3500 
g/mol, a Tg of 85 °C was reported.83 For the other copolymers, even at high molecular weight, 
discrepancies of as much as 30 °C have been reported (for PEC, values for Tg range from 5-
31 °C).82, 84 The low glass transition temperature of most aliphatic polycarbonates is 
disadvantageous, even if PPC has potential uses as a synthetic elastomer. Although PCHC 
has a significantly higher Tg, its tensile properties (Table 1.3) remain inferior to the 
corresponding properties of conventional Polycarbonate. Two main strategies have been used 
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to try to modify the thermo-mechanical properties of aliphatic polycarbonates: the use of new 
epoxide co-monomers and the preparation of terpolymers. 
 
1.6.2 Copolymerisation of CO2 and other epoxides 
 
 
Figure 1.18: Epoxides and other small ring molecules tested for copolymerisation with CO2 
 
The main limitation of these copolymerisations remains the lack of catalytic activity for 
epoxides other than PO, CHO, EO and BO. However, a small number of more exotic 
epoxides have been tested for their compatibility for the copolymerisation with CO2. Inoue 
was one of the first researchers to explore the possibility of applying new monomers for the 
copolymerisation. The copolymerisation of carbon dioxide and trimethylsilyl glycidyl ether, 
using a diethylzinc-water heterogeneous system, produced a readily degradable 
polycarbonate with a pendant hydroxyl group (obtained via the deprotection of the silyl ether 
during the work-up of the copolymer) (A, Fig. 1.18).85  
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Table 1.4: Copolymerisation of various epoxides and CO2. 
 
a) TON (mol. epoxide consumed per mol. metal). TOF (TON/h). b) Determined by 1H NMR spectroscopy. c) 
Determined by gel permeation chromatography using polystyrene standards. d) Determined by differential 
scanning calorimetry. 
 
Limonene oxide (B), an epoxide similar in structure to CHO and derived from citrus fruits, 
was copolymerised using the BDI zinc catalysts, at 25 °C and 7 atm, to yield a copolymer 
with moderate molecular weight (10,800 g/mol) and a high Tg (111 °C).86 The copolymer 
represents a completely renewable alternative to PCHC, although the catalytic activity was 
low and a large amount of citrus fruit would be required to produce it on a large scale. 
Mon
. 
Catalyst p(CO2
) 
[atm] 
T 
[°C] 
TON/ 
TOFa 
% 
Carb.b
Selec.b Mn c 
(g/mol) 
PDIc Tgd 
[°C] 
A85 [(salen)CrCl] + 
PPNCl 
50 80 - - - - - - 
B86 [(BDI)ZnOAc] 7 25 74/37 100 
 
100 10,800 1.12 110.8 
C87 
 
Y(CF3CO2)3/Zn(
Et)2 Pyrogallol 
28 60 11/1 98 
 
100 132,000 3.70 -19 
D88 K3Co(CN)6/ZnI2/ 
PTMEGlycol 
10 80 266/22 33 100 2000 1.4 - 
E89 K3Co(CN)6/ZnCl2 
/PTMEGlycol 
10 80 179/15 73 100 10,100 2.2 - 
F89 K3Co(CN)6/ZnCl2 
PTMEGlycol 
10 50 250/21 7 100 2300 1.24 - 
G89 K3Co(CN)6/ZnCl2 
/PTMEGlycol 
10 80 237/20 12 100 2800 1.44 - 
H90 None 220 100 35% 
conv. 
62 100 24,700 6.15 - 
I91, 92 [(salen)CrCl] + 
nBu4Cl 
35 110 309/41 97 97 10,100 1.58 Td50%
=260 
J93 BMImCl 10 80 13/2 99 100 1900 1.02 - 
K83 [(EtBDI)ZnOEt] 9 50 269/3 100 100 2300 4.4 53 
L94 ZnO/Glutaric 
acid 
103 60 - 100 100 7300 1.36 - 
M95 [Y(CCl3COO)3]-
[ZnEt2]-glycerine 
40 65 0.51/0.
051 
92.3 100 77,000 2.27 -5.7 
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Another interesting copolymerisation involved end-capping a polycaprolactone chain with an 
epoxy group (L) and using the copolymerisation with CO2 to cross-link the copolymers, 
producing hyperbranched materials.94  
Although the majority of exotic epoxides have been tested using less active heterogeneous 
catalysts, the activities reported are generally considerably lower than using PO or CHO. The 
highest activity shown for any of these novel monomers is a TOF of 40 h-1 for the 
copolymerisation of oxetane (I) and CO2, using a salenCr catalyst. The low activities 
significantly hinder the development of new materials using this reaction; clearly new, more 
highly active catalysts are required in order to utilise a broader range of monomers.   
 
1.6.3 Terpolymerisation Reactions 
 
Scheme 1.3: Possible products from terpolymerisation of CHO, PO and CO2. i) Cat, CO2. 
 
Another way to alter copolymer properties is to copolymerise CO2 with two different 
epoxides. Ideally, this leads to a perfectly alternating terpolymer, which combines the 
properties of the two separate monomers (for instance, a terpolymer of PO/CHO/CO2 may 
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give an intermediate Tg between those of the individual copolymers). However, it can also 
lead to the production of a block copolymer (featuring individual sections of PCHC and 
PPC), two discrete copolymers (in which one copolymer is formed at a much greater rate) or 
a random copolymer (Scheme 1.3). In a block copolymer, the two polymers form distinct 
regions, and often the properties of both polymers are observed (e.g. two glass transition 
temperatures rather than one intermediate Tg). Whilst PCHC shows very brittle behaviour 
(elongation at break of 1-2%), PPC shows excellent flexibility (elongation at break between 
600 and 1200%), but a low Tg (35-45 °C) limits its use. In order to address this problem, 
terpolymerisations of PO, CHO, and CO2 have been attempted, with the aim of combining 
the higher Tg of PCHC with the flexibility of PPC. This terpolymerisation showed limited 
success until 2006, mainly because of the different rates of polymerisation of the two 
epoxides (which lead to copolymers predominantly composed of one or other of the 
epoxides) and the high tendency of aliphatic epoxides to form cyclic carbonates at higher 
temperatures. One example of this is zinc phenoxide catalyst 3a, which was active for the 
terpolymerisation of PO and CHO (equimolar quantities), at 55 °C and 41-48 atm. The 
resulting copolymer was mostly composed of cyclohexene carbonate linkages (85% PCHC, 
12% PPC and 3% polypropylene ether) with PO mainly converted into cyclic propylene 
carbonate.31 As a result of the low PO incorporation, the Tg was only slightly reduced from 
115 °C for PCHC to 102 °C for the terpolymer. In addition, the formation of PC, which is a 
better ligand for zinc than epoxides, seriously hindered the catalytic activity. A ternary 
[Y(CCl3OO)3]-[ZnEt2]-glycerine catalyst was later tested, at 60-70 °C and 35-40 atm, 
producing terpolymers with variable compositions and Tg (from 37 to 126 °C) depending on 
PO/CHO ratios.96 Two glass transition temperatures were typically observed, which is an 
indication that the products were in fact block copolymers, and not alternating terpolymers.   
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The development of much more active and selective catalysts has led to some significant 
breakthroughs in this area recently. In 2006, [(salen)CoX] (21) and PPNCl systems were 
reported as efficient catalysts for the terpolymerisation of CHO, PO, and CO2.97 Using 21d, 
the terpolymerisation was carried out (at 25 °C and 15 atm) with equimolar quantities of 
CHO and PO, yielding polycarbonates (TOF = 129 h-1) with Mn = 24,400 g/mol, PDI = 1.24, 
and greater than 99% carbonate linkages. The terpolymer showed a single Tg and just one 
thermolysis peak; good evidence for the formation of an alternating terpolymer. By varying 
the epoxide ratios, the Tg could also be adjusted between 50 and 100 °C, with PCHC content 
varying between 30-60 mol %, which resulted in Tg values between 60-81 °C. It was 
suggested that the relatively high basicity and coordination ability of CHO inhibited the 
reactivity of PO, with the steric hindrance of CHO preventing its homopolymerisation, which 
resulted in similar activities of the two epoxides. Recently, 25 was tested with CHO and 
aliphatic epoxides (PO, BO, HO, EO, used in 1:1 ratio with CHO), at 90 °C and 25 atm, and 
showed excellent TOFs (1958 - 3560 h-1) and high molecular weights (39,700 - 50,900 g/mol, 
PDI ~ 1.1). The terpolymers showed 50% CHC linkages and a single Tg (32-79 °C), 
suggesting an alternating structure.69 24e was also used to terpolymerise CO2, PO, and 1-
hexene oxide (HO) or 1-butene oxide (BO), without the formation of any cyclic carbonates 
and ether linkages.80 There was a linear dependency between the terpolymer Tg and the 
proportions of the third monomers used, thus enabling tuning of the Tg between -15 and 32°C 
for CO2/PO/HO terpolymers, and between 9 and 33 °C for CO2/PO/BO terpolymers.  
Epoxides and CO2 have been coupled with monomers other than epoxides, including maleic 
anhydride,98 ε-caprolactone,99, 100 γ-butyrolactone,101 rac- and (S,S)-lactide,102 or diglycolic 
anhydride.103 So far, no catalyst system has been proven to produce a perfectly alternating 
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terpolymer, but block terpolymers have shown some interesting physical properties, e.g. 
degradability. 
 
1.7 Conclusions and outlook 
1.7.1 Conclusions 
The past decade has seen a large increase in the activity and selectivity of catalysts for the 
copolymerisation of epoxides and CO2. In particular, catalysts based upon zinc, chromium 
and cobalt have been shown to be very active; however the catalysts are still significantly less 
active than those for other polymerisation reactions (e.g. ethylene polymerisation). There is 
room for significant improvement in activity, particularly at lower pressures, which could 
reduce the energy cost of the reaction, and make it genuinely CO2-consuming. A bimetallic 
mechanism has been implicated for various zinc catalysts and cobalt/chromium salen 
catalysts in the absence of a co-catalyst. The use of co-catalysts and in particular 
intramolecular co-catalysts has recently led to an increase of activity with salen complexes 
(particularly with cobalt). 
The polycarbonates produced by this reaction do not currently possess the desired properties 
for the replacement of Polycarbonate as an engineering thermoplastic. It may be possible to 
overcome this with the production of new materials, either from novel epoxides or by 
terpolymerisation reactions.  
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1.7.2 Project Aims 
The project aims are therefore threefold. Firstly, the development of new bimetallic zinc 
catalysts, using a novel reduced ligand system, will be investigated for the copolymerisation 
of CHO and CO2, with interest in its activity under low pressures. Mechanistic research into 
zinc phenoxide, zinc β-diiminate and salen complexes (in the absence of co-catalyst) as well 
as diethylzinc/alcohol mixtures has suggested a bimetallic pathway. The development of new 
bimetallic complexes which incorporate two metals into one ligand was targeted, as 
monomer/dimer equilibria are more susceptible to catalyst concentration changes. Holding 
the two metal centres together in one ligand could allow for activity at significantly lower 
catalyst concentrations. Zinc was chosen as the primary metal centre for investigation as it is 
abundant (inexpensive), diamagnetic (and hence NMR spectroscopy is facile) and has the 
highest precedence for bimetallic catalysts in this area. Previously, Williams and co-workers 
had researched a series of phenolate tetramine dizinc complexes, but these showed no activity 
for CHO/CO2 copolymerisation.104 
 
Figure 1.19: Targeted ‘reduced Robsons’’ ligand. 
 
The targeted ligand system (see Fig. 1.19) was chosen as it is easy to synthesise in few steps, 
and unlike previous unsuccessful ligand systems is macrocyclic, features unprotected amine 
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groups (which could form favourable hydrogen bond interactions with a growing chain 
and/or facilitate CO2/epoxide binding/insertion reactions) and features reduced bridges, 
which should allow a high degree of flexibility. The increased flexibility of reduced ligands 
in the salen field has been shown to significantly increase activity at lower CO2 pressures. It 
is proposed that the increased flexibility of the ligands allows bidentate coordination modes 
for the growing chain and prevents decarboxylation reactions (which could otherwise be 
particularly prevalent at low pressure). High activity under low pressures would be 
considered extremely advantageous.  
Secondly, with the recent reports of high activities from cobalt catalysts, upon development 
of zinc catalysts, variation of the metal site, with cobalt, was considered. Cobalt has been 
shown to be not only extremely active in salen complexes, but also more selective for 
copolymer formation. Further to this, the replacement of zinc with cobalt in some 
metalloenzymes and biomimetic complexes has been shown to significantly increase activity. 
The difference in activity of these two metals was examined; however, as cobalt is 
paramagnetic and therefore harder to characterise by NMR spectroscopy, zinc was targeted 
first for ease of characterisation. 
Thirdly, with the development of active catalysts, the copolymerisation of other epoxides, the 
terpolymerisation of two epoxides and the inclusion of other bio-renewable monomers was 
analysed, with the aim of producing new materials with useful properties. The most common 
epoxides are CHO and PO, of which CHO copolymerisation was considered first as it is 
much easier to handle (PO is both toxic and very volatile, with a boiling point of 34 °C) and 
produces a thermoplastic with a high Tg. PO copolymerisation, producing an elastomer, was 
considered once CHO catalyst systems have been developed, as were a range of other 
epoxides, particularly those likely to produce thermoplastics, like styrene oxide and limonene 
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oxide (B, Fig. 1.17 - which is also biorenewable, and was therefore considered as a means of 
making a fully renewable polymer). The incorporation of properties from both PCHC and 
other copolymers into one polymer was considered with the terpolymerisation of CHO and 
other epoxides. Finally, as the majority of the epoxides considered come from oil, the 
incorporation of biorenewable monomers such as lactide via terpolymerisation or block 
copolymerisation was investigated as a means to increase the renewability of the polymers, as 
well as altering the properties.   
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2.1 Introduction 
2.1.1 Introduction 
 
As discussed in Chapter 1, as a result of the current interest in bimetallic zinc catalysts for the 
copolymerisation of CO2 and epoxides, our research group has focussed on synthesising a 
variety of binucleating ligands for novel catalyst preparation.104 Several very different 
complexes including some coordinated by both ‘open’ and macrocyclic ancillary ligands 
were assessed, with the most promising of these being the zinc acetate complex of a 
macrocyclic reduced Robson’s type ligand (see Fig. 2.1).105-108 The development of this class 
of pro-ligand was targeted as these macrocyclic ligands are relatively easy to synthesise and 
modify, and the synthesis requires only a few steps.  
 
2.1.2 Robson and Reduced Robson Complexes 
 
Figure 2.1: Complexes of Robson (left) and reduced Robson (right) macrocyclic ligands. 
 
A large number of Robson complexes (featuring four imine donors) have been reported in the 
last 40 years,109, 110 with both homo- and hetero-binuclear111 complexes known for a large 
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variety of metals including Fe,112 Co,113 Zn114 and Cu.113 Robson complexes are synthesised 
by Schiff-base condensation template reactions of diformylphenols and diamines with metal 
precursors. There is a large number of possible combinations of metal, diamine and phenol, 
which has resulting in such a large body of research. In contrast, the reduced Robson 
macrocycles (featuring four amine donors) are less straightforward to synthesise, and have 
received less attention. Unlike the Robson ligands, no direct template reaction has been 
developed to prevent the formation of polymeric products, and the reduced Robsons 
macrocycles are therefore usually synthesised by reduction of an isolated Robson ligand115 or 
a metal complex followed by removal of the metal.105 Dinuclear complexes have been 
reported using Fe,116 Zn,117, 118 Cu119 and Co110 using a variety of diamines, however the 
proposed macrocycles have not previously been reported.     
The reduced Robson ligands possess a high degree of flexibility as the bridging chains are 
saturated and sufficiently long; such flexibility has been shown to enhance catalytic activity 
under lower pressures.61 Modification of the para-phenol and amine substituents were 
targeted as means to prepare a series of catalysts. Modification of the para-phenol substituent, 
particularly with electron-donating or electron-withdrawing groups, was considered to 
influence the electronic properties of the metal centre. Substitution on the amine donors was 
thought likely to influence the steric environment around the metals, as well as the solubility. 
The synthesis of the modified pro-ligands and zinc complexes will be discussed in this 
chapter. Zinc acetate complexes were targeted for a number of reasons. They are air-stable 
(unlike alkoxide or alkyl zinc complexes) and thermally robust, and a large number of metal 
acetates are commercially available, including in anhydrous forms. There is also significant 
precedent for acetate as a good initiating group for this reaction.32  
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2.2 Synthesis and Characterisation of Reduced Robson’s Type Ligands 
 
Scheme 2.1: Synthesis of macrocyclic ligands from 4-R-phenol: i) HMTA, TFA, 125 °C, 16 hrs; ii) 3M HCl, 
100 °C, 40 min; iii) 2,2-dimethyl-1,3-propanediamine, NaClO4, AcOH, MeOH, 25 °C, 16 h; iv) NaBH4, MeOH, 
H2O. 
 
The synthesis of a series of ligands, H2L1 to H2L6, was attempted using a three-step 
preparation starting from the corresponding para-substituted phenol (Scheme 2.1).115 Firstly, 
the 2,6-diformylphenol was prepared using the Duff reaction, by reacting the appropriate 
phenol with hexamethylenetetraamine (HMTA) in refluxing trifluoroacetic acid (TFA), 
followed by hydrolysis of the subsequent tertiary iminium group with HCl.120 The 4-
substituted-2,6-diformyl phenol was then reacted with a diamine (2,2-dimethyl-1,3-
propanediamine) in the presence of a weak acid (acetic acid) and sodium perchlorate, in 
methanol, to give an imine-based, proton-templated macrocycle, with two perchlorate 
counterions ([H4Ln’](ClO4)2). This Robson’s-type macrocycle was then reduced with NaBH4, 
in methanol, to give the amine based macrocyclic pro-ligand (H2Ln). 
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2.2.1 Synthesis of 4-R-2,6-diformylphenols 
 
Scheme 2.2: Synthesis of 4-R-2,6-diformylphenols. i) TFA, 125 °C, 16 h. ii) HCl (3M), 100 °C, 40 min. 
 
The synthesis of various 2,6-diformylphenols, with different substituents in the 4-phenol 
position, was carried out to assess potential steric and electronic effects on the resulting 
complexes and on the catalytic activity. The synthesis of 4-R-2,6-diformylphenols (1-6) has 
been previously reported using the Duff reaction. This synthesis was repeated for compounds 
1 and 3-6, in 20 – 60 % yield. The syntheses of 5 and 6 gave the products in yields (35 and 51 
% respectively) that were significantly higher than those found in the literature (4 % and 20 
%).120, 121 Such increases are probably because the product was crystallised from cold 
solutions, rather than allowing crystals to form at room temperature, as per the literature 
methods. Phenol 2 had been previously synthesised on a large scale, by another member of 
the Williams’ group. Compound 1 is commercially available, enabling the synthesis of H2L1 
in two steps from commercial reagents; however it is relatively expensive, and was 
synthesised rather than purchased. All the products were characterised by 1H NMR 
spectroscopy, which showed excellent agreement with the literature reports. 
The synthesis of 4-cyano-2,6-diformylphenol (7) and 2,6-diformyl-4-trifluoromethylphenol 
(8) was attempted using the same synthetic method but were unsuccessful. This was probably 
due to the decreased nucleophilicity of the aromatic ring with strongly electron-withdrawing 
groups, as the Duff reaction is an electrophilic aromatic substitution reaction. Why this 
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reaction still proceeded with a nitro-group present was unclear, but none the less a useful 
result. 
 
2.2.2 Synthesis of [H4Ln’](ClO4)2 
 
Scheme 2.3: Synthesis of [H4Ln’](ClO4)2. i) AcOH, NaClO4, MeOH, 16h, 25 °C. 
 
The synthesis of the Robson’s type macrocycles, [H4Ln’](ClO4)2, was performed by adapting 
a literature method.115 The synthesis of macrocycles by reaction between diformylphenols 
and diamines is hampered by the facile formation of oligomers. A template, such as a metal 
salt (e.g. Mg(II) or Pb(II)), can be used to promote the formation of macrocyclic products, but 
it presents problems as the metal must subsequently be removed to obtain the pro-ligand.105 
The synthetic method chosen utilises protons, instead of metals, for the template reaction, 
making the eventual isolation of the pro-ligand much more facile. However, as the template 
effect of protons is weaker than that of metals, the reaction requires very specific conditions 
to prevent the formation of oligomeric products. A very dilute methanol solution, a weak acid 
and mild reaction conditions must be used. The diamine was added slowly to a boiling 
methanol solution containing the 2,6-diformylphenol (1-6), NaClO4 and acetic acid, before 
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being left stirring at room temperature for 16 hours, after which the solution was concentrated 
and crystals formed. 
Where R is an alkyl group (1 and 2), formation of the macrocylic product, [H4Ln’](ClO4)2, 
proceeded in high yields (95 and 76 %, respectively), giving bright red crystals. The 
introduction of substituents with a significant electron-donating effect (e.g. OMe) reduced the 
yield significantly (3, 31 %) giving a brick red precipitate, whilst the introduction of electron-
withdrawing substituents such as Br, F and NO2 prevented the formation of macrocyclic 
products entirely (4-6), giving only oligomeric products. This was clearly observed in the 1H 
NMR spectra of the products, which showed extremely broadened resonances (in similar 
positions to those expected for the macrocyclic product) as well by the greatly reduced 
solubility of the products (the oligomers are insoluble in everything but DMSO). The 
template reaction clearly requires very balanced conditions, and even small variations in the 
electronic structure of the diformylphenol appear to offset this balance. Highly electron-
withdrawing substituents may reduce the basicity of the phenol, making proton templates less 
favourable. Other methods were attempted in the synthesis of H2L4-6; these are covered in 
section 2.2.4. 
[H4L1,2,3’](ClO4)2 were characterised by 1H NMR spectroscopy, in d6-DMSO; the spectra of 
all three show a broad singlet at approximately 13.5 ppm, corresponding to the templating 
protons, a doublet corresponding to the imine protons at 8.6 ppm, and a single aromatic 
resonance between 7.2-7.6 ppm. The backbone methylene and methyl protons gave 
resonances at 3.7-3.9 and 1.3 ppm respectively, whilst the expected shifts for the 
corresponding R groups were observed at 1.15 (1, tBu), 2.13 (2, Me) and 3.69 (3, OMe) ppm. 
All were observed with the expected relative integrals. The 13C NMR spectra also confirmed 
the structures, with the characteristic imine (175 ppm), phenol (168), aromatic (145-115) and 
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alkyl (60-20) carbon resonances all present. Elemental analysis for 2 and 3 showed excellent 
agreement with theoretical values, whilst accurate mass ESI-MS was used to characterise 1. 
 
2.2.3 Synthesis of H2L1,2,3 from [H4Ln’](ClO4)2 
 
Scheme 2.4: Synthesis of H2Ln from [H4Ln’](ClO4)2. i) NaBH4, MeOH, 25 °C, 1 h.  
 
The reduction of the three macrocyclic salts, [H4Ln’](ClO4)2, using NaBH4 in methanol, 
followed by precipitation of the product with water, gave the three macrocyclic pro-ligands 
H2L1,2,3 in good to poor yields (1, 88 %, 2, 59 %, 3, 34 %). The increased solubility of H2L3 
in methanol and water, due to hydrogen bonding between the methoxy group and the 
solvents, made it more difficult to crystallise. This, combined with apparent side reactions 
between the methoxy group and NaBH4 (producing a brown product which required 
separation from the ligand), resulted in a significantly reduced yield for this reaction 
compared to the other two ligands.  
The ligands were characterised by 1H NMR spectroscopy, which showed the disappearance 
of the imine protons at 8.6 ppm and the appearance of a new resonance at 2.5 ppm 
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corresponding to the new methylene protons. The remaining peaks showed very similar 
resonances to those observed in the corresponding imine macrocycle. The 13C{1H} NMR 
spectra also confirmed the disappearance of the imine groups, and the appearance of a new 
resonance between 52-56 ppm, corresponding to the methylene carbon atoms. ESI-MS 
showed the molecular ion plus a proton ([M-H]+), whilst elemental analyses on all the pro-
ligands corresponded well to the theoretical values. 
 
2.2.4 Attempted synthesis of H2L4-6 via metal templation 
 
Scheme 2.5: Synthesis of [Ln’Mg2(NO3)2]. i) Mg(NO3)2, MeOH, reflux, 16 hrs. ii) NaBH4, 
MeOH, H2O, 25 °C, 1 hr. iii) HCl. iv) NH3/H2O. 
As the synthesis of ligands with electron-withdrawing groups (F, Br, NO2) via the proton 
template method proved unsuccessful, metal template reactions were considered. Previously 
reported methods utilised Mg(II) or Pb(II) as templating metals, as cyclic voltammetry has 
shown that other metals such as Cu(II) and Zn(II) are preferentially reduced before the imine 
groups by NaBH4.105 As Mg is cheaper and less toxic than lead, it was chosen as the 
templating metal.  
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The literature synthesis (see Scheme 2.5), 105  which uses different diamines and only alkyl R 
substituents (Me and tBu) proceeds by formation of a magnesium nitrate complex of the 
unreduced ligand, which is achieved by refluxing the diamine, diformylphenol and Mg(NO3)2 
in methanol overnight. The complexes are then reported to precipitate and are then purified 
and reduced. No precipitation was observed when carrying out the reaction with R = Br or F, 
presumably as hydrogen bonding (particularly with F) makes these complexes more soluble 
in methanol. Yellow powders were obtained upon removal of the solvents under vacuum. 1H 
NMR spectroscopy confirmed the formation of the macrocycle with a sharp singlet at 
approximately 8.3 ppm, corresponding to the imine groups, whilst the aromatic protons were 
observed with a singlet at 7.7 ppm (4) and a doublet at 7.5 ppm (5), observed due to coupling 
with 19F. The expected alkyl resonances were all observed. 13C{1H} NMR showed all the 
expected aromatic and alkyl resonances; however the aromatic region in the spectrum of 5 
had several more peaks than expected. This is caused by 1J to 3J coupling between 19F and the 
adjacent carbon atoms.122 LSIMS of the products gave peaks corresponding to [Ln’Mg2NO3]+ 
at m/z = 698 (Br) and m/z = 576 (F). A yellow precipitate was observed using 6 (R = NO3), 
which LSIMS suggested the product could possibly be a monometallic complex 
[L6’Mg(NO3)]; however the 1H NMR spectra was complicated and attempted reductions of 
this product proved unsuccessful, so a more complete characterisation was not carried out. 
The complexes were recrystallised from hot ethanol (Br) or propan-2-ol (F), after which 1H 
NMR spectroscopy showed two equivalents of solvent remained. Elemental analysis was 
carried out with the inclusion of two solvent molecules, and the results showed excellent 
agreement with the theoretical values for [L4’Mg2(NO3)2].2(EtOH) and 
[L5’Mg2(NO3)2].2(iPrOH). It was initially thought that the solvent was trapped as solvent of 
crystallisation; however X-ray quality crystals were grown of [L5’Mg2(NO3)2] by slow 
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dizinc macrocycle (in which 1,3-propanediamine is used instead of 2,2-dimethyl-1,3-
propanediamine) are reported at ~1.29 Å.123 The Mg-N bonds are all approximately 2.1 Å, 
approximately 0.1 Å longer than the Zn-N distances reported in the same dizinc complex, 
which suggests the imine donors bond more strongly to Zn than Mg, which could aid the 
removal of Mg from the macrocycle following reduction. The coordinated alcohol appears to 
persist even after dissolving the crystals and removing the solvents in vacuo, suggesting this 
structure is maintained in solution. However, the exact nature of the species is relatively 
unimportant as the magnesium is removed after reduction of the ligand. Whether the 
coordinated solvents persist or not, the templation reaction was clearly successful and the 
recrystallised products were taken forward to the reduction step. 
 
Figure 2.3: Enhanced aromatic region in 13C{1H} NMR spectrum of [H2L5] showing 1JCF (A, J = 245 Hz), 2JCF 
(C, J = 21 Hz) and 3JCF (B, J = 8 Hz) coupling. Peak at 152 ppm corresponds to aromatic carbon para to the 
fluorine atom, which shows no coupling. 
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The reduction was carried out with NaBH4 added in water to the methanol solution of 
[L4,5’Mg2(NO3)2] (see Scheme 2.5). This proved successful on the first attempt, giving the 
ligands H2L4 and H2L5 which were characterised similarly to H2L1-3 with ESI-MS, elemental 
analysis, 1H and 13C{1H} NMR spectroscopy. Again, 19F coupling was observed in the 1H 
and 13C NMR spectra of H2L5 with 1J to 3J coupling observed (see Fig 2.3, vide supra).122 
The initial reactions were carried out on a small scale. Unfortunately, the successful 
syntheses of H2L4 and H2L5 proved irreproducible; in each case, the reduction step led to the 
precipitation of a very insoluble white product which was shown by 1H NMR spectroscopy 
(in d6-DMSO) to contain partially reduced material. Various manipulations of concentration, 
scale, and temperature, as well as NaBH4 addition rate (with and without water) were 
attempted, but proved unsuccessful. The use of other reducing agents, including LiAlH4 and 
LiBH(Et)3 (‘superhydride’) was also attempted, but were equally unsuccessful. With LiAlH4, 
this was probably due to the poor solubility of both the reagent and the magnesium 
complexes in diethyl ether (a typical LiAlH4 reduction solvent). Superhydride, which was 
purchased as a THF solution and hence doesn’t have the same solubility problems, was also 
unsuccessful. After many attempts, the syntheses were reluctantly abandoned.  
 
2.2.5 Attempted pro-ligand N-alkylation reactions 
Alkylation of the macrocycle amine groups was considered, as an obvious and potentially 
facile means of pro-ligand substitution that could lead to changes in the steric and electronic 
properties, as well as the solubility of the catalyst, and therefore, could be used to tune 
activity. For example, methylation of the amine groups might be expected to lead to a more 
electron-donating amine group and hence could increase the electron-density at the metal 
centre. Given the sensitivity of the proton template reaction, it was decided that alkylation of 
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the pro-ligand was more likely to be successful than the mono-alkylation of each amine unit 
in the diamine, prior to formation of the macrocycle. As H2L1 was the most straightforward to 
synthesise and was obtained in the highest yields, alkylation reactions were attempted on this 
pro-ligand.   
OHNH HN
NH OH HN
i)
ii)
OHN N
N OH N
 
Scheme 2.6: Attempted methylation of H2L1 i) BuLi, THF, -78 °C, 1 h ii) MeI, 25 °C 16 h. 
 
A variety of methods and alkylating agents were considered. Firstly, the deprotonation of the 
amine groups with n-butyllithium (n-BuLi) (see Scheme 2.6), and the subsequent addition of 
an excess of methyl iodide, was attempted. However, the 1H NMR spectrum of the crude 
product was very complicated, suggesting a large number of products were formed. ESI-MS 
also suggested a mixture of products: ranging from mono- to hexa-methylated (i.e. the phenol 
groups were also methylated). It is probable that a strong base like BuLi would also 
deprotonate the phenol groups, potentially leading to competition for methylation between 
the amine and phenol groups. Hence other milder bases/syntheses that would be more amine 
selective were examined. 
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The deprotonation was attempted with a large variety of other bases, including NEt3, HNiPr2, 
NaH, K2CO3, 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) and N-Butyl-N-(4-
hydroxybutyl)nitrosamine (BBN), as well as the use of several alkylating agents (MeI, EtI, 
BnBr). In all cases, the 1H NMR spectra of the products were ill-defined, and ESI-MS 
revealed a mixture of products from di- to hexa-alkylated. Variation of temperature, for both 
the deprotonation and the alkylation reactions, made no difference.  
OHNH HN
NH OH HN
i) OHN N
N OH N
 
Scheme 2.7: Attempted reductive alkylation of H2L1 i) NaBH(OAc)3, 6 equiv. aldehyde, THF or DCE, 25 °C.  
 
 
 
A more selective route was therefore sought, and the reductive alkylation using sodium 
triacetoxyborohydride and aldehydes, such as formaldehyde and benzaldehyde, was 
considered (see Scheme 2.7). NaBH(OAc)3 was chosen as the reducing agent as it had shown 
versatile reductive alkylation in the literature (superior to sodium cyanoborohydride), and is 
much less toxic.124 The reaction was attempted in both THF and dichloroethane (DCE), two 
solvents with good precedent for NaBH(OAc)3 reductions. The 1H NMR spectra of the 
products were inconclusive; however ESI-MS suggested the product was a mixture of mono-, 
di- and tri-methylated products.  The reaction was attempted at 50 °C in an attempt to drive 
the reduction; however a mixture of products was still produced.  
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The formylation of the amine groups with ethyl formate and subsequent reduction with 
LiAlH4 was also attempted (see Scheme 2.8). The 1H NMR spectrum of the crude product, 
after the first step, showed a number of products, though this wasn’t necessarily an indication 
that the reaction failed; a number of isomers and tautomers of the product are possible. The 
ESI-MS was similarly inconclusive, as no obvious structures could be found to correspond to 
the m/z values obtained. The crude reaction mixture was carried on to the next step, but the 
reduction with LiAlH4 was unsuccessful. The formylation step was assumed to be 
incomplete, so the reaction was repeated, allowing the solution to reflux for two days; 
however, no difference was seen in the 1H NMR spectra.   
OHNH HN
NH OH HN
OHN N
N OH N
OHN N
N OH N
O O
OO
O
H O ii)i)
 
Scheme 2.8: Attempted alkylation of H2L1 i) reflux, 16 hrs ii) LiAlH4, Et2O, 0 °C, 16 h. 
 
Attempts to separate the product mixtures from the reductive alkylation or the 
deprotonation/substitution reactions via recrystallisations and column chromatography were 
unsuccessful; the products gave only one broad peak using TLC under a variety of solvent 
systems. It was therefore decided that the successful tetra-alkylation of the ligands was not to 
be investigated further. The focus was shifted to metal complex syntheses, using the ligands 
that were successfully synthesised. 
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2.3 Synthesis of zinc complexes of H2L1-5 
2.3.1 Synthesis of di-zinc complexes of H2L1 
The synthesis of di-zinc complexes with various anionic co-ligands  was attempted. The main 
target was to synthesise zinc acetate complexes. Zinc acetate, which was chosen as it is both 
air stable and a well known initiating group, was initially used in its dihydrate form, whilst 
various other zinc species were investigated. The pro-ligand was stirred with the relevant zinc 
compound, in methanol, for 16 hours. 
 
Scheme 2.9: Synthesis of dizinc complexes. i) 2 ZnX2, MeOH, 25 °C, 16 h. 
 
 
 
Complexation was observed in the 1H NMR spectra, as the peaks were significantly 
broadened compared to the pro-ligand resonances. This suggested the complexes were 
fluxional on the NMR timescale. In the case of acetate and halide complexes, LSIMS showed 
one main peak, corresponding to [L1Zn2X]+. Copolymerisation test runs of CHO and CO2 
with the zinc halide complexes, with and without a co-catalyst (KOEt), were carried out, 
revealing the complexes to be completely inactive. Further research and characterisation of 
the halide complexes was not attempted. The complexation of zinc triflate was also attempted 
but an X-ray quality crystal revealed the resultant product’s structure to be 
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[L1Zn(OMe)(H2O)][OTf]. A copolymerisation test showed the complex was active for the 
homopolymerisation of CHO, producing polyether. It was likely that the cationic complex 
acted as a Lewis acid catalyst for the homopolymerisation of CHO; it was therefore also 
abandoned, without further characterisation. The ability for water to stay bound to the zinc 
centres in the presence of anionic initiating groups (vide infra) necessitated a search for an 
anhydrous synthesis for the zinc acetate complex. This is because water has been shown to be 
a chain transfer agent in the copolymerisation of epoxides and CO2, significantly reducing 
molecular weights. 
 
Scheme 2.10: Anhydrous synthesis of [L1Zn2(OAc)2] i) 3 KH, THF, -78 °C to 25 °C, 1 hr ii) Zn(OAc)2 
(anhydrous), THF, 25 °C, 16 h. 
 
 
The synthesis was carried out using anhydrous Zn(OAc)2 (purchased from Sigma) by first 
deprotonating the ligand with KH in THF under nitrogen. An excess of KH was used to 
remove any water remaining with H2L1 from its crystallisation, it was then filtered before 
adding the solution to anhydrous Zn(OAc)2, and stirring under nitrogen for 16 hours. The 
complex [L1Zn2(OAc)2] was isolated as a white powder, in 70 % yield. Again, LSIMS was 
used to characterise the complex, giving the same main peak: [L1Zn2OAc]+. Elemental 
analysis revealed the complex to be pure, though again the 1H and 13C NMR spectra were 
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very broad at room temperature, and were not easily assigned. However, when the spectra 
were taken at 110 °C in d2-tetrachloroethane (TCE), coalescence was observed.  
 
Figure 2.4: 1H NMR spectra of [L1Zn2(OAc)2] taken at 110 °C in d2-TCE (♦).   
 
A single resonance was observed for the aromatic protons and the NH groups showed a 
broadened resonance at 4.78 ppm.  The methylene groups are diastereotopic and so, four 
broadened resonances were observed from 3.32-2.46 ppm, each with an integral of 4H. The 
tert-butyl and acetate methyl groups resonate as singlets with integrals of 18H and 6H, 
respectively. The methyl groups on the ligand backbone are also diastereotopic and are 
observed as two singlets, each with a relative integral of 6H. At 110 °C, the 13C{1H} NMR 
spectrum also showed coalescence, and the expected number of carbon environments was 
observed. 
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Appendix A for L4). A third zinc centre, bound externally to the macrocycle in a tetrahedral 
environment via bridging acetate groups, was observed.  
 
 
Table 2.1: Selected Bond lengths (Å) and angles (°) for [L5Zn3(OAc)4]. 
 
Zn(1)-O(11) 2.076(2) O(11)-Zn(1)-N(8) 94.98(8) 
Zn(1)-N(8) 2.093(2) O(11)-Zn(1)-N(4) 170.91(8) 
Zn(1)-O(35) 2.109(2) N(8)-Zn(1)-N(4) 93.55(9) 
Zn(1)-N(4) 2.125(2) O(11)-Zn(1)-O(1) 81.27(7) 
Zn(1)-O(40) 2.147(2) O(35)-Zn(1)-O(40) 172.37(9) 
Zn(1)-O(1) 2.2762(19) O(50)-Zn(3)-O(1) 103.59(9) 
Zn(1)-Zn(2) 3.1280(5) O(50)-Zn(3)-O(47) 104.15(12) 
Zn(2)-O(11) 2.058(2) O(11)-Zn(1)-N(8) 94.98(8) 
Zn(2)-O(45) 2.092(2) O(11)-Zn(1)-N(4) 170.91(8) 
Zn(2)-O(37) 2.123(2) N(8)-Zn(1)-N(4) 93.55(9) 
 
 
 
The structure shows the ligand adopts a dished conformation, with all the amine protons on 
the upper face of the macrocycle. The two zinc centres within the macrocycle adopt an 
octahedral environment with a bridging acetate group shared above the plane of macrocycle. 
The Zn(1)-O(35) and Zn(2)-O(37) bonds to the bridging group are similar, both being 
approximately 0.2 Å longer than the bridging acetate present in the structure of a dizinc 
complex of a similar tetraimino Robsons ligand.123 This suggests that the higher 
nucleophilicity of the sp3 amine donors reduces the electrophilicity of the metal centre, and 
subsequently the bond strength between the metal centre and co-ligands. Zn(3) has a 
tetrahedral coordination environment, and is coordinated to the macrocycle through one of 
the phenolic donors, as well as bridging acetate groups to the other two zinc centres. A 
terminal acetate ligand completes the tetrahedral coordination environment, which can be 
observed by O-Zn(3)-O bond angles of approximately 104 °. A Zn(1)-Zn(2) separation of 
3.1280(5) Å shows the zinc centres are held in very close proximity within the macrocycle. 
The Zn-N and Zn-O bond distances within the macrocycle are very similar to those reported 
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for a dizinc complex for another reduced Robson macrocycle with ethylenediamine bridges, 
suggesting a similar coordination environment in the equatorial positions.118 This suggests the 
coordination of Zn(3) does little to effect the coordination geometry of the zinc sites inside 
the macrocycle.  
This structure was preferred even when only two equivalents of Zn(OAc)2 were added, 
indicating some unreacted ligand must remain, although due to the complex nature of the 1H 
NMR spectrum this was not observed. As no more pro-ligands could be synthesised, the 
complexes were not fully characterised. Instead, it was decided to investigate whether these 
complexes could be synthesised with all the pro-ligands, thus giving an interesting 
comparison of the activity of zinc metals in different coordination environments. 
 
2.3.3 Synthesis of tri-zinc complexes of H2L1-3 
 
Scheme 2.11: Synthesis of [L1-3Zn3(OAc)4]. i) 3 Zn(OAc)2, THF, 25 °C, 16 h. 
 
The syntheses of [L1-3Zn3(OAc)4] were carried out under anhydrous conditions, but without 
the use of KH, as it was shown to be unnecessary for coordination in the synthesis of other 
complexes (vide supra). Also, the desired structure would be coordinatively saturated, thus 
reducing the potential of water or solvent to coordinate to the metal. 
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Whilst the 1H NMR spectra of these complexes were similar to the bimetallic analogues in 
most solvents, the complexes were significantly less fluxional in CD3OD. The spectra 
indicate the presence of one major and several minor isomers at room temperature (see Fig. 
2.6). This was particularly noticeable in the resonances corresponding to the aromatic and 
CH3 protons, which showed a series of lower intensity resonances around the main peaks. As 
with [LnZn2(OAc)2], the methylene protons are diastereotopic; four multiplets each with an 
integral of approximately four were observed between 2.5 and 4.5 ppm. Upon heating to 50 
°C, four sharp doublets were observed, as well as other low intensity peaks corresponding to 
the minor isomers. No resonance was observed for the amine protons, which presumably 
exchange too rapidly with the solvent to be observed. The four acetate groups showed a broad 
signal at 1.85 ppm, with an integral of 12. The 13C{1H} NMR spectra, at 110 °C in d2-TCE, 
were almost identical to those of [LnZn2(OAc)2], except for the presence of two methyl 
acetate resonances, at around 22 and 20 ppm, which indicate the complexes contain more 
different acetate binding modes. This was confirmed by IR spectroscopy, where the presence 
of both bridging (C=O, 1588 and 1426 cm-1) and terminal acetate (C=O, 1670 and 1369 cm-1) 
coordination modes were observed.125 The LSIMS spectra of the complexes show main peaks 
corresponding to the loss of a Zn(OAc)3 moiety from the molecular ion. The tri-zinc 
complexes from all three ligands were crystallised, and the crystals were analysed using X-
ray diffraction.   
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III - see Appendix for structure of [L2Zn3(OAc)4]-II, [L3Zn3(OAc)4]-II and [L3Zn3(OAc)4]-
III). With the exception of the Zn(3) binding, these complexes and [L5Zn3(OAc)4] are very 
similar, with dished ligand conformations and all four amine protons on the same side of the 
ring. Zn(1) and Zn(2) are coordinated in an octahedral environment within the ring, sharing 
the two ArO oxygen atoms O(1) and O(11), and binding to the two adjacent amine donors. 
One of the acetate groups bridges between Zn(1) and Zn(2) in a bidentate fashion on the 
upper face of the dish.  
The third zinc centre is tetrahedrally coordinated beneath the LZn2 unit, bound to a terminal 
acetate group. Two bridging acetate groups link the two macrocyclic zinc centres to Zn(3), 
which is also bound to the phenol atom O(1). The acetate binding is essentially the same for 
all five of the complexes, with [L2Zn3(OAc)4]-II being the exception, in which the 
O(45)/O(47) and O(50)/O(52) acetate ligands both bind in bidentate bridging fashions. In the 
other five complexes, the O(45)/O(47) acetate group adopts a monodentate bridging mode. 
The binding of the O(55)/O(57) acetate group varies in a more subtle manner across the six 
complexes. Considering the Ar–O and ArO–Zn bond lengths (Table 1), two patterns emerge. 
In every complex the Zn–O(1) bonds are longer than their Zn–O(11) counterparts, and related 
to this, in each complex the Ar–O(1) bonds are longer than the Ar–O(11) bonds (but only in 
the case of [L1Zn3(OAc)4] is the difference statistically significant). Both these observations 
are readily explained by the presence of three zinc centres bonded to O(1) c.f. the two zinc 
atoms bound to O(11). There is no discernable difference in bond lengths between 
complexes; the para-aryl substituent doesn’t appear to have any effect on bond lengths. It 
was therefore expected that as acetate lability is related to bond length, if the rate determining 
step involved the ring opening of the epoxide by the acetate group, then there would be little 
difference in the catalytic activity of the complexes. However, if the rate determining step is 
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not the initiation, then a difference in catalytic activity might be expected due to the 
difference in electron-densities of the aromatic rings. The Zn-O and Zn-N bond distances for 
all the structures are similar to those determined for [L5Zn3(OAc)4] 
Table 2.2 Comparative bond bond lengths (Å) for [L1Zn3(OAc)4], the two independent molecules present in the 
crystals of [L2Zn3(OAc)4], and the three independent molecules present in the crystals of [L3Zn3(OAc)4]. 
 C(1)–O(1) C(11)–O(11) O(1)–Zn(1) O(1)–Zn(2) O(11)–Zn(1) O(11)–Zn(2) 
[L1Zn3(OAc)4] 1.367(2) 1.348(2) 2.2843(14) 2.2027(14) 2.0587(14) 2.1003(13) 
[L2Zn3(OAc)4]-I 1.373(4) 1.351(4) 2.232(3) 2.215(3) 2.093(3) 2.054(3) 
[L2Zn3(OAc)4]-II 1.364(5) 1.347(4) 2.314(2) 2.253(2) 2.050(3) 2.068(2) 
[L3Zn3(OAc)4]-I 1.369(4) 1.351(5) 2.284(2) 2.245(3) 2.066(3) 2.092(3) 
[L3Zn3(OAc)4]-II 1.370(4) 1.360(4) 2.267(3) 2.183(3) 2.057(3) 2.087(3) 
[L3Zn3(OAc)4]-III 1.375(4) 1.357(5) 2.284(3) 2.228(3) 2.066(3) 2.102(3) 
 
 
2.4 Conclusions 
Three new macrocyclic reduced Robson’s pro-ligands were synthesised via a proton 
templating method, in excellent to poor yields, in up to three steps, from commercial 
reagents. Variation of the para-aryl substituent significantly hindered the reaction, and the 
synthesis of two pro-ligands with electron-withdrawing groups was only successfully carried 
out using magnesium as a template. However, the Mg template route was more complicated 
and proved irreproducible at the reduction step. Further attempts at ligand variation, by 
alkylating the amine donors, proved synthetically challenging, and were not continued. The 
ligand synthesis initially appeared facile, and held the promise of allowing many different 
ligand substitutions; however, such ligand alterations were actually found to be very difficult, 
allowing only three new ligands to be reproducibly synthesised. The synthesis of a variety of 
zinc complexes with H2L1 was attempted; but difficulties in the isolation, characterisation and 
apparent inactivity in catalyst test screenings meant that only the zinc acetate complexes were 
pursued. Three new bimetallic zinc acetate complexes of ligands H2L1-3 were synthesised and 
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characterised using high temperature NMR spectroscopy, mass spectrometry and elemental 
analyses. Attempts to form analogous compounds, with the small quantity of H2L4,5 
synthesised, instead produced tri-zinc complexes with four acetate groups, which led to the 
synthesis of similar complexes with H2L1-3. The catalytic activity of both the di-zinc and the 
tri-zinc complexes for the copolymerisation of epoxides and CO2, will be discussed in 
Chapter 3.  
Chapter 3 
Copolymerisation of Cyclohexene Oxide and Carbon Dioxide Using Zinc Catalysts 
 
81 | P a g e  
 
 
 
Chapter 3: 
Copolymerisation of 
Cyclohexene Oxide and 
Carbon Dioxide using 
Zinc Catalysts 
  
Chapter 3 
Copolymerisation of Cyclohexene Oxide and Carbon Dioxide Using Zinc Catalysts 
 
82 | P a g e  
 
3.1 Introduction 
The copolymerisation of cyclohexene oxide (CHO) and carbon dioxide was initially chosen 
to test the catalytic activity of the bimetallic zinc complexes. CHO is less toxic than 
propylene oxide (PO), and due to ring strain, forms the cyclic carbonate much less readily.9 It 
is also much easier to handle as it has a relatively high boiling point (110 °C c.f. 34 °C). PO 
requires the use of a high pressure reactor for any reaction above 35 °C. In contrast, up to 
100°C the copolymerisation of CHO and CO2 can be carried out in a Schlenk tube under 1 
atm CO2 pressure. As the initial complex synthesised and the one synthesised most easily and 
in highest yield, [L1Zn2(OAc)2] was chosen for catalytic testing to assess the best conditions 
for the copolymerisation reaction. The majority of copolymerisation reactions, using CHO, 
are carried out by dissolving the catalyst in neat epoxide and placing the mixture under a CO2 
atmosphere.9 This method was, therefore, chosen to investigate the catalytic activity of 
[L1Zn2(OAc)2]. In order to assess the optimum conditions for catalysis, severable variables 
were considered, including the temperature, catalyst loading, pressure and time. The major 
drawback of not using a reaction solvent is that complete epoxide conversion is not possible, 
as the solution becomes too viscous for efficient stirring once the conversion reaches 50 %.42 
As a result, an increase in cyclic carbonate formation by back-biting reactions is normally 
observed at higher conversions. Therefore, the catalyst was also tested using a solvent 
(toluene). 
 
3.2 Copolymerisation Conditions  
3.2.1 Activity 
In the copolymerisation of epoxides and CO2, the activity of the homogeneous catalyst is 
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generally expressed by the TON and TOF, which for this copolymerisation is most often 
defined as ‘moles epoxide consumed per mole metal’ (per hour for TOF). This is based upon 
the assumption that each metal centre with one initiating group will propagate one polymer 
chain. This definition allows for comparison between multi-, bi- and mono-metallic 
complexes. However, the TON and TOF reported herein are defined as moles epoxide 
consumed per mole catalyst.9 These units were used for three reasons: firstly, it was not 
known for certain whether one or two chains propagate from the catalyst active site. In fact 
studies with dimeric zinc BDI complexes suggest that only one chain is propagated per 
dimer, despite the presence of two initiating groups (see Fig. 3.1).32 Although two bridging 
acetate ligands were observed in the dimeric catalyst, upon addition of CHO only initiation of 
one epoxide per dimer was observed in the solid state structure. 
 
Figure 3.1: Structure determined by single crystal X-ray crystallography by Coates et al, showing initiation only 
at one of two possible acetate sites.32 
 
 
Secondly, using mass spectroscopy, both the anionic initiating group and the 
ionic/nucleophilic co-catalysts have been observed as copolymer end groups with 
cobalt/chromium Salen complexes. It has therefore been proposed that two chains can 
propagate simultaneously from the two axial sites of the metal site, yet the TON/TOF are not 
halved to represent this mechanistic hypothesis.54, 126, 127 Moreover, the highly active Co salen 
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catalysts 24a-k (see Chapter 1.5.3) also possesses four X groups, all of which could be 
initiating groups.11, 67 Indeed, it is reported that the copolymer molecular weights suggest all 
four anions do initiate copolymer growth, yet TON and TOF were calculated per metal.80 As 
the TON/TOFs calculated don’t take the number of chains generated into account in these 
cases, it was considered reasonable to calculate the TON/TOF per mole of catalyst rather than 
per mole of metal for comparison with other catalysts. Thirdly, unlike the zinc BDI 
complexes, the catalysts are discrete bimetallic complexes and not dimers formed in solution. 
As such, the most important definition of catalyst activity could be argued to be how much 
polymer is produced by each catalyst, regardless of whether one or two chains grow from 
each site.  
 
3.2.2 Temperature Variation 
[L1Zn2(OAc)2] was initially tested for activity in the copolymerisation of CHO and CO2 
under solvent free conditions, at just 1 atm CO2 in a Schlenk tube at 80 °C and at a loading of 
1:1000 (cat:CHO), which is the standard loading for this reaction. Remarkably, the complex 
was found to copolymerise CHO and CO2 under such conditions, producing PCHC with a 
TOF of 18 h-1. This made [L1Zn2(OAc)2] only the 6th catalyst found to be active at this low 
pressure,32, 45, 46, 72, 74 and the most active reported at the time.128 The five previous catalysts at 
this pressure showed weaker activity and/or poorer polymer attributes. The best of these was 
bimetallic magnesium complex 13 (see 1.4.2), which showed a TOF of 22 h-1 at 60 °C; 
however this was at high loadings 1:150, cat:CHO), with the catalyst prepared in-situ and the 
active site ill-defined. The use of magnesium alkyl precursors also made the catalyst highly 
air-sensitive. Subsequent to this work, a couple of catalysts (20, see 1.5.1 and 25, see 1.5.3) 
have been reported to be highly active at this pressure for CHO/CO2 copolymerisation. 
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Scheme 3.1: Copolymerisation of CHO and CO2 i) [L1Zn2(OAc)2], 0.1 mol % loading, 1 atm CO2, temp. 
  
 
 
The reaction was carried out at 10° increments from 40 to 100 °C for 20-24 hours, to assess 
how the activity of the catalyst and the copolymer properties vary with temperature. The 
presence of polycarbonate, trans-cyclic carbonate and ether linkages is observable by 1H 
NMR spectroscopy by the distinctive cyclohexylene methine resonances which shift 
significantly depending on the presence of polycarbonate (δ = 4.6 ppm), ether (3.4 ppm) or 
trans-cyclic carbonate (4 ppm) proximal groups. Trans-cyclic carbonate is almost always 
exclusively observed, as ring opening is normally observed with inversion at the stereocentre. 
Table 3.1: Copolymerisation of CHO/CO2 using [L1Zn2(OAc)2] at different temperatures. 
T (°C) TONa TOF [h-1]b % Selectivityd Mne PDIe Isolated yield % conversion 
40 20 0.7 94 N/A(f) N/A 0.13 g 3 
50 19 1 89 N/A(f) N/A 0.26 g 4 
60 135 7 >99 2300 1.20 0.96 g 14 
70 292 12 >99 3500 1.22 2.053 g 30 
80 439 18 96 6200 1.19 3.085 g 45 
90 567 24 95 6500 1.21 3.979 g 57 
100 527 25 94 7400 1.21 3.697 g 53 
All polymers produced with >99 % carbonate linkages. a) mol. epoxide consumed/mol. Cat. b) mol. epoxide 
consumed/mol.cat/hour. c) as determined by lack of resonance at 3.45 ppm (corresponding to ether linkages) in 
1H NMR spectrum.45 d) as determined by relative integrations of peaks at 4.62 ppm (corresponding to polymer 
carbonate linkages) and 4.0 ppm (corresponding to cyclic carbonate species) in the 1H NMR spectrum. e) 
determined by Gel Permeation Chromatography in THF, using narrow Mw polystyrene standards. f) polymer not 
sufficiently purified from monomer for GPC measurements. 
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It was observed that an increase in temperature led to a rise in the catalytic activity of 
[L1Zn2(OAc)2]; the TON and TOF grow as the temperature is raised. The exception to this 
was the reaction at 100 °C, as the TON decreased as the temperature was raised from 90 – 
100 °C. This was attributed to the increased viscosity of the solution at higher conversions. 
The reaction at 100 °C was stopped at 20 hours rather than 24 as stirring was no longer 
possible, hence the conversion and TON are slightly lower than at 90 °C. However, it can be 
seen from the TOF that the rate was indeed higher than at 90 °C. A maximum TOF of 25 h-1 
was observed, superior to all the literature 1 atm catalysts at the time.32, 45, 46, 72, 74 The TONs 
produced are a significant improvement on other catalysts active at this pressure, showing the 
catalyst to be robust and active over long periods, even under mild conditions. It is worth 
noting that in our hands the zinc BDI catalysts were unstable over these time periods.  
The copolymers produced were found to have an excellent fidelity of carbonate linkages, as 
no ether linkages were detected by 1H NMR spectrum at any temperature (see Fig. 3.7, 
below).45 The catalyst also produced very little cyclic carbonate by-product; between 60 and 
70 °C none could be detected by 1H NMR spectroscopy. As the temperature increased, a 
small percentage of cyclic carbonate was produced; this was thought to be due to a shift in 
the equilibrium favouring the cyclic species at higher temperatures.129 The production of only 
6 % cyclic carbonate at 100 °C represents excellent selectivity at this temperature for a zinc 
catalyst. For the best compromise between activity and copolymer characteristics, 70 – 80 °C 
is the optimum temperature range, producing a copolymer with a very low percentage of 
cyclic by-product. Using a temperature of 70 °C gave the best copolymer characteristics, with 
almost no cyclic carbonate produced, whilst 100 °C gives the highest overall activity. These 
two temperatures were chosen to assess the other variables with this catalyst, although, the 
increase in TON/TOF between 70 and 80 °C is sufficiently high to counter the decrease in 
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consistently low polydispersities, this would suggest a controlled copolymerisation is taking 
place. 
 
3.2.3 Kinetic Studies 
Kinetic analyses have previously been carried out with several different classes of catalysts, 
yielding fairly diverse results. For example, Coates and co-workers carried out a detailed 
kinetic analysis on their dimeric zinc BDI catalysts, which lead to this rate law:32 
d[P]/dt = kp[CHO]1[CO2]0[Zn]1.73 
The observed rate law showed a first order dependence on epoxide concentration, and an 
almost second order dependence on [Zn], which heavily informed the suggestion of a 
bimetallic mechanism. Interestingly, a zero-order dependence was found in CO2, and it was 
the CHO insertion step which was found to be rate-determining. In contrast, Darensbourg 
reported that rate of copolymerisation with chromium salen complexes shows a significant 
non-linear dependence on pressure.58 The rate was found to increase with pressure to 35 atm, 
after which a steady decrease was observed. A first order dependence on catalyst 
concentration has been suggested with salen catalysts.52  
Full kinetic studies on this catalyst have not yet been undertaken. By varying CO2 pressure, 
catalyst concentration and - by using a solvent -  monomer concentration, it would be 
possible to develop a rate law for [L1Zn2(OAc)2]. The measurement of monomer 
concentration would be problematic, as the use of a solvent has been shown to adversely 
affect the copolymerisation (vide infra). However, the effects that pressure and catalyst 
loading had on the copolymerisation reaction were investigated briefly, to establish how the 
catalyst operates under different conditions.    
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3.2.4 Catalyst Loading 
The initial runs were at 1:1000 (cat:CHO, 0.1 mol %) loading; this was reduced by a factor of 
ten to 0.01 mol % (1:10000). If a catalyst is robust and stable under these conditions, it 
should generate a higher Mn as this is intrinsically linked to the ratio of epoxide and catalyst. 
The reaction was tested at this reduced loading at 70 and 100 °C for 24 hours, as these two 
temperatures have the best polymer characteristics and highest TONs respectively.  
Table 3.2: Copolymerisation data for variation of catalyst loading at 1 atm CO2 pressure. 
Cat. Loading T (°C) Time 
(h) 
TON TOF 
 [h-1] 
% 
carbonate
% 
Select. 
Mn 
(g/mol) 
PDI % conversion
0.01% 70 24 273 11 98 >99 800 1.21 3 
0.02% 70 24 283 12 99 >99 1500 1.20 6 
0.10% 70 24 292 12 >99 >99 3500 1.22 30 
0.2% 70 7 70 10 >99 >99 3800 1.23 20 
0.01% 100 24  708 30 88.5 89 1400 1.19 7 
0.10% 100 22 527 25 >99 94 7400 1.21 53 
See table 3.1 for experimental details. 
 
 
 
At both 70 and 100 °C, reduced loadings showed almost identical TOFs, which suggests the 
complex is robust under lower loadings (i.e. it is not destroyed by impurities such as H2O) 
and the activity of copolymerisation from each complex is not altered by the catalyst loading.  
If the same activity is displayed at lower loading, then the TON/TOF should remain constant; 
as although decreasing the loading by a factor of 10 effects the TON and TOF (as these are 
related to catalyst loading), if the rate under this loading is the same, 1/10th the amount of 
epoxide should be consumed in the same time period. This was shown to be the case at 70 
°C, where 1/10th the conversion is observed in 24 hours at 0.01 mol % loading compared to 
0.1 %, and the TON/TOF are extremely similar under all four loadings carried out at this 
temperature. The exception to this is the TON of the run at 0.2 mol % loading, as this was run 
for a shorter period to prevent viscosity giving a false activity. The difference observed 
between the two loadings at 100 °C was caused by the high conversion at 0.1 mol %, which 
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increased the viscosity at the end of the reaction, reducing the rate. As mentioned above, this 
reaction was halted after 20 hours because of the high viscosity. The TON/TOF produced at 
0.01 % is therefore more indicative of the catalyst activity at this temperature and pressure.  
Whilst the low loading does not adversely affect the activity of the catalyst, it does have a 
significant effect on various copolymer properties. The percentage of carbonate linkages, 
(and copolymer selectivity at 100 °C) decreases at the lower catalyst loading. The increase in 
ether linkages was probably due to the decrease in the concentration of active metal centres 
relative to the concentration of CO2 and CHO, increasing the probability of the disfavoured 
second epoxide insertion. As the solvent is the monomer, the chances of a metal-bound 
epoxide then reacting with another epoxide molecule increases and the percentage of ether 
linkages goes up. An increase in cyclic carbonate production was evident at 100 °C but not at 
70 °C. At 70 °C where the equilibrium strongly favours the copolymer, the change in 
concentration does not have any significant effect: that is, the backbiting reaction is still 
disfavoured. As the temperature was increased to 100 °C, a greater proportion of cyclic 
carbonate was formed, increasing the percentage of CHC to 11 %. The mechanism for trans-
cyclic carbonate formation is generally considered to operate by the ‘back-biting’ insertion of 
a metal-alkoxide bond into the adjacent carbonate linkage (step iii, Fig. 3.3). Copolymer 
formation occurs by insertion of CO2 into this alkoxide species (step ii); however it appears 
that under decreased catalyst loading (10,000:1) the probability of CO2 insertion decreases 
and instead step iii increases in prominence.  
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Figure 3.3: Proposed mechanism for formation of trans-cyclohexene carbonate. 
 
 
 
A significant decrease was also observed in the molecular weights, which could be partly 
explained by the lower conversion after the same time period. It could also suggest that, at 
lower loading, the growing chain is much more susceptible to protic impurities that cause 
chain transfer. The concentration of impurities compared to catalyst would be significantly 
higher at lower catalyst loadings (if the monomer is responsible for the introduction of these 
impurities). 
 
3.2.5 Pressure Variation 
Whilst the activity of [L1Zn2(OAc)2] at 1 atm CO2 was exceptional, it was only moderate 
compared with the leading catalysts used at higher CO2 pressures.35, 44, 58 Most catalysts are 
more active under higher CO2 pressures, so the copolymerisation was also evaluated using 
increased CO2 pressures at both 0.1 and 0.01 % loading. It was envisaged that increasing CO2 
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pressure could lead to an increase in the rate of the copolymerisation, as found for the salen 
catalysts. It was also of interest to determine whether increased CO2 pressure could promote 
copolymerisation over chain transfer side reactions and allow an increase in molecular 
weight. Some reported catalysts use CO2 pressures up to 60 atm for this polymerisation,10 but 
as high pressure reactions are much more technically challenging to run, and in light of the 
equipment available in the lab, it was decided not to increase the pressure above 10 atm. As 
the Zn BDI catalysts were generally used at 7 atm CO2,35 the activity of the catalyst was also 
examined at this pressure for comparison. The reactions were run using a 100 mL Parr 
reaction vessel, meaning the overall scale of the reactions had to be increased. In order to 
reduce the quantity of catalyst required to run the copolymerisation the loading was reduced 
to 0.01 %, with just one run carried out at 0.1 % loading for comparison.   
Table 3.3: Copolymerisation data for high pressure reactions using [L1Zn2(OAc)2]. 
Loading Time 
(h) 
T (°C) p(CO2) 
[atm] 
TON TOF 
[h-1] 
% 
Selectivity
Mn 
(g/mol) 
PDI % 
conversion
0.01% 24 70 1 273 11 >99 800 1.21 3 
0.01% 24 70 7 728 30 >99 1800 1.23 7 
0.01% 24 70 10 759 32 >99 2600 1.24 8 
0.01% 24 100 1 708 30 89 1400 1.19 7 
0.01% 24 100 10 3347 140 96 14100/6600a 1.03/1.08a 32 
0.10% 22 100 10 838 38 96 7600 1.20 84 
For experimental details see Table 3.1. All polymers produced with >99 % carbonate linkages. a) bimodal 
distribution observed in GPC trace. 
 
 
It can clearly be seen from the results that increasing the CO2 pressure raised the 
copolymerisation activity, and as a result the TON and TOF were higher. At 70 °C and 0.01 
% catalyst loading, as the pressure was raised from 1 atm CO2 to 7 atm CO2, the TON 
increased three-fold. A further increase of the pressure to 10 atm increased the TON yet 
again. When the pressure was increased to 10 atm at 100 °C, the TON increased to over 
3300, and the TOF to 140 h-1. The TON is competitive when compared to the benchmark 
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literature catalysts for this reaction,35, 44, 56 although the TOF is still significantly lower. The 
catalyst, whilst not that rapid, must be very robust and tolerant to keep producing copolymer 
with such high TONs. It is also worth noting that the selectivity appears to increase slightly 
as the CO2 pressure is increased; the higher CO2 concentration promotes the insertion of CO2 
into the zinc-alkoxide bond (leading to copolymerisation) over the back-biting reaction (see 
Fig. 3.3, above).   
A bimodal distribution was observed, with a maximum Mn of 14,000 g/mol, and a second at 
6,600 g/mol. The presence of a bimodal distribution (and therefore more than one copolymer 
series) offered more evidence that chain transfer occurred during the reaction, as the 
polymerisation should yield only one copolymer series, with an acetate end group. One run 
was completed at 0.1 % loading, and as a result of the mechanical stirring in the reactor the 
reaction was able to continue to 85 % conversion. The reaction was left for 24 hours, but after 
22 hours it was noticed that stirring had slowed, due to the high viscosity. A TON 
approaching twice as high as the same reaction at 1 atm was observed, whilst the molecular 
weight of the copolymer was found to be very similar. Despite the higher TON, no increase 
was observed in the molecular weight. This could be due to the increased viscosity, which 
favours back-biting reactions, or due to increased chain transfer reactions at higher 
conversion/viscosity.  
 
3.2.6 Variation of Reaction Time 
The copolymerisation was investigated at different time periods. This was partly to see if 
higher conversions could be accessed under milder conditions, in order to increase copolymer 
molecular weights, and to see if the catalyst was as robust as the high TONs suggest.  
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Table 3.4: Copolymerisation reactions of CHO/CO2 using [L1Zn2(OAc)2] over extended time periods. 
Loading Time (h) T (°C) P(CO2)  
[atm] 
TON TOF [h-1] Mn 
(g/mol) 
PDI % 
conversion
0.01% 24 70 10 759 32 2600 1.24 8 
0.01% 24 70 1 273 11 800 1.21 3 
0.01% 168 70 10 4324 26 4500 1.23 43 
0.01% 168 70 1 1920 11 1000 1.32 19 
All polymers were produced with >99 % carbonate linkages and no observable cyclic carbonate. See Table 3.1 
for experimental details. 
 
 
The copolymerisation was run at 70 °C for 7 days at 1 and 10 atm CO2 and a loading of 0.01 
%. It was found that, at 10 atm,  the TON was increased to over 4200. Perhaps more 
remarkable still is a TON of nearly 2000 at 1 atm CO2. This shows the catalyst to be 
extremely robust and as this figure is approximately seven times the TON when the reaction 
was run over 24 hours, it suggests the catalyst continues to react at the same rate over the 
entire seven day period. An experiment was run over only 3 hours at 70 °C and 10 atm, and 
whilst only a small amount of copolymer was produced, the TON and TOF were found to be 
approximately an 1/8th of that found over 24 hours. This also suggests the reaction continues 
at a constant rate. It would be unlikely to continue at the same rate much past 40 % 
conversion, as viscosity really begins to have a noticeable effect at approximately 40-50 % 
conversion. The molecular weights did not increase with higher conversion; there is little 
difference in the Mn over 24 hours or seven days, despite a near seven-fold difference in 
conversion. Chain transfer must therefore be ongoing and reversible; otherwise all the chain 
transfer agents would be used up as the reaction proceeded, giving a much larger distribution 
of molecular weights (see 3.4 for discussion of chain transfer reactions) 
 
3.2.7 Use of solvent 
It is undoubtedly more industrially relevant and potentially more sustainable to carry out 
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reactions without the use of petroleum derived organic solvents. However, in neat epoxide a 
maximum conversion of around 40-50 % was achieved before increased viscosity 
significantly reduced the rate of copolymerisation and led to an increase in cyclic carbonate 
production. There is literature precedent for the use of non-coordinating, high boiling 
solvents such as toluene, xylene and dioxane for this reaction.46 Toluene was chosen as it was 
more readily available, and the copolymerisation reaction was carried out at 1M 
concentration and at 1:1 (CHO:Tol) ratio (~10M). In both cases, a significant decrease in 
activity was observed. The reactions were attempted at 100 °C and 1 atm, but it was found 
the use of a solvent greatly increases the proportion of cyclic carbonate produced. The crude 
product from the 10M solution was found to contain 65 % copolymer (35 % trans-cyclic 
carbonate), whilst the 1M solution produced only 33 % copolymer, with 67 % trans-cyclic 
carbonate. A decrease in monomer concentration clearly reduced copolymer formation and 
the equilibrium shifted, favouring the backbiting reaction that leads to cyclic product 
formation. As with lower loadings, the percentage of carbonate linkages also decreased as the 
chance of an interaction between dissolved CO2 and metal-bound epoxide was reduced. In the 
1M solution, as much as 40 % ether linkages were detected. The introduction of a solvent 
clearly has a negative impact on the copolymerisation reaction, and is therefore unfavourable 
for more than just environmental reasons.   
 
3.3 Discussion 
3.3.1 Conclusion 
[L1Zn2(OAc)2] was found to be the most active catalyst reported at 1 atm for the 
copolymerisation of CO2 and CHO, producing polymers with >99 % carbonate linkages, and 
only small amounts of cyclic carbonate. The catalyst activity increased with temperature up 
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to 100 °C, but at this temperature more cyclic carbonate was observed. The catalyst activity 
was apparently unchanged at one tenth the regular loading, although the polymer properties 
were adversely affected due to chain transfer reactions and an increase in cyclic carbonate 
formation. Under increased pressure, the TON/TOF were significantly increased, with a 
maximum TON of over 3000 showing the catalyst to be extremely robust, something that is 
confirmed by the ability of the catalyst to continue to function at the same activity over a 
week-long reaction. It is clear from the copolymerisation reactions at higher pressures that 
unlike the zinc BDI complexes, the rate law for [L1Zn2(OAc)2] is dependent on CO2 pressure. 
The optimum catalyst conditions for 1 atm copolymerisation testing are therefore 80 °C, at a 
loading of 1:1000 (in order to compromise between TON and molecular weight). 
 
3.3.2 The Copolymer Molecular Weights 
Even by reducing the catalyst loading, increasing the conversion and increasing the rate, the 
molecular weights did not exceed 14,000 g/mol, and were always significantly lower than the 
expected molecular weights (calculated by conversion/TON). For example, at 80 °C, 1 atm 
CO2 and 0.1 mol % loading, after 24 hours (45 % conversion) the maximum Mn expected 
would be: 
࢖࢘ࢋࢊ࢏ࢉ࢚ࢋࢊ ࡹ࢔ ൌ ࢀࡻࡺ ൈ ࡾࡹࡹ ࢘ࢋ࢖ࢋࢇ࢚ ࢛࢔࢏࢚ ൌ ૜૚, ૙૙૙ g/mol 
The predicted Mn in this case is 31,000 g/mol (based upon the assumption that one chain 
propagates from each metal centre), or 62,000 g/mol (if it is assumed that a truly cooperative 
bimetallic mechanism operates and only one chain grows simultaneously – see Fig. 3.4). As 
mentioned above, crystals isolated from the product of the reaction between a dimeric BDI 
complex and CHO showed that despite the presence of two acetate groups, only one epoxide 
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had been opened (see Fig. 3.1).32 It is therefore reasonable to consider that the reaction of 
bimetallic [L1Zn2(OAc)2] with CHO could proceed either with one chain or two. The Mn 
determined by GPC was 6,200 g/mol, roughly 1/5th the theoretical value based upon two 
chains, 1/10th the value based upon one chain. This was found to be the case at all 
temperatures using these conditions; it would appear that at around five or six chains are 
growing from each catalyst site.  
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Figure 3.4: Proposed mechanism with chain growth of 1 (A) or 2 (B) chains (ligand structure omitted for 
clarity). 
 
 
In fact, lower molecular weights than expected are found for almost all literature catalysts for 
this reaction; indeed Duchateau and co-workers suggest that 2 to 5 chains per catalyst site is 
the average for the Zn BDI catalysts.21 The cause of this phenomenon is generally thought to 
be the presence of a protic chain transfer agent, most probably water, in the reaction mixture 
(see Scheme 3.2).21, 61, 66 As Duchateau observes, the copolymers are produced with such low 
polydispersities that any chain transfer must be extremely rapid and reversible as slow chain 
transfer would lead to a very broad molecular weight distribution. Inoue reported this rapid 
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chain transfer to be present with aluminium porphyrin catalysts, which similarly produced 
low weight copolymers with good polydispersities.130  
O
OP
H
O
R
OH
OP
Zn
O
RZn
 
Scheme 3.2: Possible mechanism for chain transfer. 
 
 
 
Evidence for such chain reactions can be seen in the significant reduction of molecular 
weights at lower catalyst loadings. Mn is expected to increase significantly as the catalyst 
concentration is lowered, provided conversion remains high. At 70 °C, the expected 
molecular weight at 0.01 % loading, and 3 % conversion (see Table 3.3), is 42,000 g/mol 
(assuming only one acetate initiates) or 21,000 g/mol (assuming both do, and two chains 
grow simultaneously). The molecular weight determined by GPC measurements was only 
800, which is roughly 1/25th the weight predicted by two growing chains, which suggests on 
average there are at least 25 chains per active metal site (50 if only one chain propagates at a 
time). Clearly chain transfer is increased dramatically when the catalyst loading is decreased. 
The ten-fold increase in monomer concentration on reducing the loading led to a five-fold 
increase in chain-transfer. This implies that most of the impurities that act as the chain 
transfer agents are present in the CHO monomer.  
Various options were therefore considered to better identify the source of the chain transfer 
agents, and to attempt to remove them from the reaction conditions to increase the molecular 
weights. 
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3.4 Chain transfer reactions 
3.4.1 Identifying the source 
As the reaction only features three components (CHO, [L1Zn2(OAc)2] and CO2) there are few 
possible sources of water or other protic impurities for chain transfer reactions. Firstly, as 
only C.P. grade (99.995 %) CO2 was used for the copolymerisation reactions, the CO2 source 
was considered. This was switched to research grade CO2 (“100 %” purity) and several 
copolymerisations were run. No significant change was observed in the molecular weights, 
suggesting the CO2 was not the source. The catalyst, which was prepared from a ligand which 
requires precipitating from water, was therefore also taken into consideration. The catalyst 
was dried under vacuum, both at room temperature and 50 °C for 2-3 hours before use; 
however, this also failed to significantly increase the molecular weights. Drying H2L1 under 
vacuum was also attempted, at 50 °C, using P2O5 as a dessicant, before the complex was 
synthesised by using an excess of KH to remove any excess water (e.g. remaining from the 
crystallisation). The complex was then stored under nitrogen in a glovebox. This too had no 
effect on the molecular weight of the copolymer produced, and therefore it was considered 
unlikely that the catalyst was responsible for the introduction of water or other volatile protic 
chain transfer agents.  
The final option was therefore the CHO, which had been distilled from CaH2. GC-MS was 
run on CHO straight from the bottle. However, it revealed no impurities in sufficiently high 
quantities to be detected. A copolymerisation run was performed using CHO (which had been 
stored under nitrogen for approximately a month) at 80 °C, which gave a molecular weight of 
around 5000. Following re-drying over CaH2 and re-distillation, an increase of around 1000 
was observed in the molecular weight, suggesting a small amount of atmospheric water had 
entered the CHO after long term use on a nitrogen line; however this increase was not 
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particularly significant compared to the expected molecular weight, and was not thought to be 
the main cause. The copolymerisation was also run using unpurified CHO, as bought from 
Aldrich, at both 70 and 100 °C.        
Table 3.5: Comparison of copolymerisation reactions using purified/unpurified CHO. 
Wet/dry T (°C) p(CO2) 
[atm] 
TON TOF  
[h-1] 
%  
Carbonate
% 
Selectivity
Mn 
(g/mol)
PDI % 
conversion
Dry 70 1 292 12 >99 >99 3500 1.22 30 
Weta 70 1 349 15 >99 96 2500 1.22 33 
Dryb 100 1 527 25 >99 94 7400 1.21 53 
Wet 100 1 585 24 >99 91 3100 1.21 59 
a) catalyst kept in air for 10 days prior to reaction. b) run for 22 hours not 24 as stirring ceased. 
 
 
At both temperatures, almost identical activity was observed, and >99 % carbonate linkages 
were found in the copolymers. A significant decrease was found in the molecular weights, (at 
100 °C, the molecular weight halved from 7400 to 3100 g/mol) suggesting the unpurified 
CHO might have water contamination and that the distillation is advantageous for achieving 
higher molecular weights. Identical PDIs were observed, which confirms Duchateau’s 
suggestion that chain transfer is rapid and reversible, otherwise a broad distribution of 
weights would be seen. Interestingly, the copolymer selectivity was reduced by around 3 % in 
each case, suggesting the presence of small amounts of water aids the backbiting process that 
produces CHC. This experiment does not prove that the distillation completely removes the 
water from the system; unfortunately Karl-Fischer titration (which determines the water 
content of solvents) can’t be used to prove this with epoxides as they react with the methanol 
solution. It does however suggest any water content has been significantly reduced by the 
distillation of CHO and storing the catalyst under nitrogen. Furthermore, it provides further 
evidence of the robust nature of the catalyst; it is air and water stable, polymerises unpurified 
CHO and as shown in section 3.2.6, continues to react at the same rate over long periods of 
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time. These characteristics, novel for a zinc catalyst for this reaction, coupled with its activity 
at low CO2 pressures, make [L1Zn2(OAc)2] an interesting catalyst. The potential to reduce the 
cost of this reaction with this catalyst is high, as low pressures can be used, distillation of 
monomers is not necessary and the catalyst does not have to be kept under anaerobic 
conditions.  
 
3.4.2 Side reactions between CHO and Zn catalysts 
The possibility that water acts as a chain transfer agent was corroborated in the reduced 
molecular weights observed using unpurified CHO; however the small improvement 
observed after re-distillation suggests it is perhaps not the only cause of chain transfer 
reactions in the polymerisation mixture. 
O
Zn
O OH
Zn
MPVO
OH O
 
Scheme 3.3: Proposed Meerwein-Ponndorf-Verley reduction/Oppenauer oxidation (MPVO) reactions between 
zinc catalysts and CHO. 
 
 
Duchateau and co-workers presented compelling MALDI-TOF evidence that there is another 
potential cause of the chain transfer in this reaction with zinc catalysts (see Scheme 3.3).21 
They suggested that CHO undergoes Meerwein-Ponndorf-Verley reduction/Oppenauer 
oxidation (MPVO) side reactions, with a range of zinc catalysts, forming cyclohexanol and 
cyclohexenol, which act as protic sources for chain transfer. MALDI-TOF analysis of the 
copolymers produced using bis-phenoxide and BDI zinc catalysts shows cyclohexanol and 
cyclohexenol end-groups on high weight polymer fractions. A third species was found with a 
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series that Duchateau observed but could not explain.21 Other assignments were investigated 
that might correspond to the masses observed for this series. The incorporation of varying 
amounts of ether linkages into the chain was considered, but the masses were not found to 
correlate to the observed series. The loss of CO from series A would give the same weight; 
however, this would require a peroxo linkage in the chain. A small amount of the copolymer 
was tested with peroxide strips for any evidence of this, but none was observed. It would also 
be difficult to rationalise a mechanism by which CO was lost from a carbonate linkage. The 
current hypothesis is therefore that the epoxide monomer is contaminated with small 
quantities of alcohol (e.g. pentanol/cyclopentanol), although it is curious that these were not 
detected by GC-MS analysis of the monomer. Future work will be directed towards 
identifying the source of the alcohols, and finding better methods of purification for CHO. 
O O
O
Zn
O
HOP OP
O O
O
Zn OH
P = growing polymer chain  
Scheme 3.4: Possible mechanism for production of series 2 (green triangles). 
 
Scheme 3.4 proposes a possible mechanism for the formation of the species observed in the 
MALDI-TOF mass spectrum. The third series features one hydrolysed end group and one 
acetate end group (B - purple circles). This is the species expected to result from the 
polymerisation using a catalyst with an acetate initiating group. To study the insertion 
mechanism, [L1Zn2(OAc)2] and CHO were heated together in air overnight at a 1:200 ratio. 
GC-MS of the resultant mixture showed mainly CHO, though another peak was found at m/z 
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= 158.2, which corresponds to the ring opening of CHO with an acetate group, followed by 
hydrolysis. This shows the initiation mechanism to be correct.  
The presence of cyclohexanol and cyclohexenol end groups was observed by MALDI-TOF 
analysis of another copolymer sample (run 5, Table 3.3), showing that Duchateau’s proposed 
MPVO reactions could also occur using [L1Zn2(OAc)2]. The presence of a copolymer series 
with a mass consistent with completely hydrolysed end groups, and a copolymer series with a 
cyclopentanol end group were again observed. Another series (D, red diamonds, Fig. 3.6) 
which could correspond to a combination of cyclohexanol and cyclohexenol end groups was 
also observed at low molecular weights. The intensities of the series of peaks are not 
quantitative, as they depend on the propensity for ionisation/volatilisation using this 
technique. This copolymer produced a bimodal GPC trace, with Mn values of 14,500 and 
6,600 g/mol. The MALDI spectra could account for this observation. The high molecular 
weight peak could be attributed to the cyclopentanol end-capped series, whilst the lower 
molecular weight peak could belong to copolymers end-capped with hydroxyl and 
cyclohexanol groups. In this spectrum, no series corresponding to an acetate end-group was 
observed. This is quite probably a result of the decrease in catalyst loading (Fig. 3.5 from 
copolymer produced at 0.1 % cat. loading, Fig. 3.6 from copolymer produced at 0.01 % 
loading). As discussed earlier, chain transfer appears more prevalent at these lower catalyst 
concentrations; MALDI-TOF appears to corroborate this hypothesis, as no species is 
observed with an acetate end group.  The presence of the cyclohexanol/cyclohexenol end-
groups at a lower loading indicates chain transfer by MPVO by-products could be 
responsible. 
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Figure 3.8: Summary of possible chain transfer pathways. 
 
Fig. 3.8 summarises various possible chain transfer reactions. From the zinc alkoxide 
propagating species (I), reaction with water or alcohol generates copolymer series II 
(observed in MALDI-TOF spectra), giving either a zinc hydroxide or alkoxide. Insertion of 
CO2 into this alkoxide and subsequent epoxide ring opening leads to copolymer series III, 
which was observed for the three cyclic alcohols shown. It was shown with Zn-BDI 
complexes that zinc hydroxide did not initiate copolymerisation,34 so insertion of CO2 into 
this bond appears unlikely, and subsequent formation of copolymer series VII (not observed) 
should be discounted as similarly unlikely. Series VII, if it were formed, would be prone to 
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decomposition, releasing CO2 and forming hydrolysed series IV. It is also possible that chain 
transfer could occur not from the metal alkoxide, but from the metal carbonate (V), leading to 
VI (not observed). It is unclear whether this occurs, as this species would also be likely to 
release CO2, forming II. The observation of II, III and IV suggests these are the major 
pathways, although the other pathways aren’t ruled out. 
At this point, attention was focussed on other new complexes synthesised as catalysts in 
attempt to better understand the parameters that govern catalytic activity and copolymer 
properties. 
 
3.5 Copolymerisation of CHO and CO2 using [L2,3Zn2(OAc)2] and [L1-
3Zn3(OAc)4]  
3.5.1 Structure/Activity Comparisons using [L1-3Zn2(OAc)2] 
As a comparison with the activity of [L1Zn2(OAc)2], and to observe the difference the 
structural variations had on catalyst activity, it was decided to test these new catalysts at 1 
atm CO2 pressure. The high activity of [L1Zn2(OAc)2] at low pressures is its main advantage, 
so it was therefore considered important to establish whether related catalysts were as active 
under these conditions. As the optimum compromise temperature between activity and 
copolymer characteristics was found to be at 80 °C, the polymerisations were carried out at 
this temperature. Catalyst loadings of 0.1 mol % were used to reduce reaction time for higher 
conversion/weight for comparison. 
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Table 3.6: Copolymerisation of CHO and CO2 using catalysts [L1-3Zn2(OAc)2]. 
 Catalyst TON TOF [h-1] % carbonate % Selectivity Mn 
(g/mol) 
PDI % conversion
[L1Zn2(OAc)2] 438 18 >99 96 6200 1.20 45 
[L2Zn2(OAc)2] 398 17 >99 96 5800 1.21 40 
[L3Zn2(OAc)2] 288 12 >99 97 2800 1.21 29 
Conditions: 80 °C, 1 atm CO2, 0.1 mol % cat. loading, 24 h. 
 
Both new complexes were less active than [L1Zn2(OAc)2]. For L3 (where R = OMe) this was 
as predicted, because the introduction of a strongly electron-donating group at the para-
position on the phenol ring would be expected to increase the electron-density at the metal 
centre. This was be proposed to weaken the binding of CO2 and CHO to the metal centre, 
thus reducing the activity. It is unfortunate that the synthesis of a ligand bearing an electron-
withdrawing group could not be reliably achieved, as this would be expected to significantly 
increase the activity of the catalyst.35 L2 (R = Me) was only slightly less active than L1. As the 
difference between the two complexes is mainly steric, and at a site quite far from the metal 
centre, it might be anticipated there would only be a small change in activity between these 
two catalysts. The slight decrease in activity could be due to a small reduction in solubility in 
CHO on replacement of the tert-butyl group with a methyl group. 
The copolymerisation was carried out at 100 °C and 10 atm with [L2Zn2(OAc)2] to ascertain 
if the difference in activity was also observed under harsher conditions. A TON of 2800 and a 
TOF of 120 h-1 (c.f. 3300 and 140 h-1 with [L1Zn2(OAc)2]) showed the same effect occurs at 
higher pressures. The copolymer characteristics were very similar between catalysts; changes 
in molecular weight can be accounted for by the varying degrees of conversion in the 
reactions.  
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3.4.2 Copolymerisation of CHO and CO2 using Tri-zinc Catalysts [L1-3Zn3(OAc)4] 
The catalytic activity of the tri-zinc catalysts was examined under the same conditions (80 
°C, 1 atm CO2, 24 h). It might be expected that with three zinc centres and four acetate 
groups that could potentially initiate, the activity of these complexes would be increased 
compared to the bimetallic analogues.  
Table 3.7: Copolymerisation of CHO and CO2 using trimetallic catalysts [L1-3Zn3(OAc)4]. 
Copolymerisation conditions 80 °C, 1 atm CO2, 24 h. All copolymers produced had >99 % carbonate linkages. 
a) TON = moles epoxide consumed per mole metal, TOF = TON per hour b) TON = moles epoxide consumed 
per mole catalyst, TOF = TON per hour. 
 
For direct comparison between the complexes with two and three metal sites, the TON and 
TOF were calculated per mole of metal and per mole of catalyst. The TON and TOF for 
[L1Zn2(OAc)2], reported in Table 3.7, were therefore half those reported in Table 3.1. The 
activities per metal reveal the tri-zinc complexes (entries 2-4) to show a significant decrease 
in activity compared with [L1Zn2(OAc)2].  
 
3.4.2 Discussion 
The third zinc centre, external to the macrocycle, is believed to be significantly less active 
than those inside the macrocycle, if not completely inactive. Using L1, the activity was less 
than half per metal centre for the tri-metallic complex vs. the bimetallic one; if the external 
metal centre were to show similar activity no change would be expected in the TON/TOF per 
metal centre. Such a dramatic decrease in the activity would indicate that not only is the 
Catalyst TON/TOF 
per metala 
TON/TOF 
per catalystb 
% 
Selectivity 
Mn 
(g/mol) 
PDI % 
conversion 
[L1Zn2(OAc)2] 220/9 440/18 96 6200 1.19 45 
[L1Zn3(OAc)4] 96/4 288/12 97 3400 1.21 29 
[L2Zn3(OAc)4] 73/3 219/9 89 2800 1.22 22 
[L3Zn3(OAc)4] 48/2 144/6 95 1400 1.21 14 
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external zinc centre less active, but it could actually hinder copolymerisation at the other 
sites, as if it were merely inactive the TON/TOF per metal should be 2/3 that of 
[L1Zn2(OAc)2]. The TON/TOF per catalyst showed that [L1Zn2(OAc)2] had a TOF of 18 h-1, 
1.5 times greater than that of [L1Zn3(OAc)4], which also suggests that the inactive external 
site might hinder copolymerisation. The X-ray crystal structures showed the external zinc co-
ordinated on the lower side of the complex which could suggest that it decreases the catalytic 
activity by blocking monomer co-ordination at this site. This indicates that the 
copolymerisation occurs on the lower face of the [L1Zn2(OAc)2], although it is unclear 
whether it also occurs on the upper face. 
It is plain from these results that the macrocyclic ligand environment is important to the 
activity of the catalysts and that the external zinc acetate moieties appear to show little or no 
activity. An ‘open chain’ zinc complex, analogous to [L1Zn2(OAc)2], had previously been 
synthesised, as well as a similar monometallic zinc complex (see Fig. 3.9).104, 131, 132 Both of 
these complexes show good activity for the ring-opening polymerisation of lactide, but were 
completely inactive for the copolymerisation of CHO and CO2. These findings corroborate 
the importance of the macrocyclic environment. 
ON N
N O N
Zn Zn
Cl Cl ON
Zn
N OEt
ON N
N N
Zn Zn
OO
OO
 
 
Figure 3.9: Inactive bimetallic and monometallic analogous zinc complexes. 
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Analysis of the Zn-Zn separations from X-ray crystal structures of [LnZn3(OAc)4] and ‘open’ 
bimetallic complexes shows the metal centres to be slightly closer together in the trimetallic 
complexes, which show a macrocyclic Zn-Zn of 3.12 - 3.13 Å, whilst a separation of 3.18 - 
3.26 Å was reported in the ‘open’ complexes. However, this difference is very small and the 
ability for acetate (and therefore carbonate) to bind in a bridging mode across the two metals 
was shown in the X-ray crystal structures. This is therefore unlikely to adversely affect the 
copolymerisation activity.  
 
3.5 Conclusions 
All six complexes [L1-3Zn2(OAc)2] and [L1-3Zn3(OAc)4] were active for the copolymerisation 
of CHO and CO2 under 1 atm CO2 pressure, showing higher TONs and TOFs than any other 
complexes reported at this pressure at the time.128, 133  [L1Zn2(OAc)2] was the most active, 
giving a maximum TON of 2000 and TOF of 30 h-1 under 1 atm CO2. Under reduced catalyst 
loading and increased CO2 pressure (10 atm), a maximum TON of approximately 3350 was 
obtained, with a TOF of 140 h-1. The substitution of the tert-butyl for a methyl group in 
[L2Zn2(OAc)2] resulted in a slight reduction in activity, whilst the introduction of an electron-
donating methoxy group in [L3Zn2(OAc)2] significantly reduced the catalytic activity. This 
can be rationalised by the increased electron density around the metal centres reducing the 
strength of epoxide and/or CO2 binding, and hence the activity.  
The copolymers produced all contained excellent fidelity of carbonate linkages, and at lower 
temperatures (70 °C) no cyclic carbonate was observed, although at elevated temperatures 4-
6 % CHC was generally observed. The copolymer molecular weights were considerably 
lower than predicted on the basis of conversion, suggesting chain transfer reactions occur. 
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Various attempts to eliminate water and other possible chain transfer agents from CHO, CO2 
and the catalyst had little effect on the copolymer molecular weights. The copolymers were 
examined by MALDI-TOF mass spectrometry and 1H NMR spectroscopy; end-group 
analysis showed alcohols, probably produced by MPVO side reactions between zinc and 
CHO (in conjunction with trace amounts of water), were chain transfer agents. [L1Zn2(OAc)2] 
was equally active using unpurified CHO (although Mn decreased) , suggesting it is air and 
water stable, unlike many other zinc catalysts. The stability of the complex, coupled with its 
high activity at low CO2 pressure makes it an attractive candidate with which to study how to 
reduce the energy cost and CO2 emissions of this reaction on a larger scale. 
Finally, the tri-zinc complexes [L1-3Zn3(OAc)4] were significantly less active than the 
bimetallic analogues, suggesting the external zinc site is inactive for the copolymerisation of 
CHO and CO2 and indeed hinders the copolymerisation at the macrocyclic coordination sites. 
This suggests that chain growth occurs from the less hindered lower face, although whether 
chain growth occurs on the upper face as well is unclear. This, in combination with previous 
results which showed that analogous ‘open’ bimetallic and monometallic complexes were 
completely inactive, points to the macrocyclic coordination environment and bimetallic metal 
core being key to the activity in this ligand system.  
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4.1 Introduction 
Variation of the ligand structure to tune the activity of the catalyst proved more difficult than 
first thought. Substitution of the para-aryl substituent showed the introduction of electron-
donating groups reduced the activity, but synthetic difficulties prevented the reproducible 
synthesis of ligands with electron-withdrawing substituents that might increase the activity. 
Various alkylations were attempted on the four nitrogen donors, in order to affect the sterics 
and electronics nearer the metal centre, however these too proved elusive. With facile ligand 
variations covered, attention was switched to variation of the metal centre. 
It was decided to explore the coordination of cobalt by H2L1. A large range of metals could 
be coordinated by the macrocyclic ligand, so one selection criterion was for metals with a 
stable (or at least metastable) II+ oxidation state. The use of I+ oxidation state metals would 
not leave any initiating groups, and two III+ oxidation state metal centres would require four 
initiating groups to balance the charge. This would probably not help overcome the low 
copolymer molecular weights. Another criterion was for metals with high Lewis acidity and 
labile M-X (X = OAc, OR, Hal) bonds. First row transition metals are candidates for this; 
various metals including iron, manganese and copper could be considered. However, cobalt, 
which has excellent precedent in this field recently, and fulfils the other criteria mentioned, 
was targeted. The ‘hyperactivity’ of cobalt metalloenzymes and biomimetic complexes 
compared to zinc analogues was also considered when choosing cobalt. 
 
4.2 Cobalt Acetate Complexes 
4.2.1 Cobalt Acetate Complexes 
Recently, there has been significant precedence for highly active cobalt catalysts for the 
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copolymerisation of epoxides and CO2 (particularly for PO).12, 13, 65, 66 However, all of these 
highly active complexes use Co(III), whilst there has only been one report featuring a Co(II) 
catalyst, the homoleptic complex Co(OAc)2 with acetic acid as a co-catalyst.134 This is 
somewhat surprising as Co(II) and Zn(II) have similar sizes and charge densities.135, 136 
Cobalt (II) is also much more stable than Cr, Mn and Fe (II) oxidation states, and it is 
preferred to Co(III) unless the metal is surrounded by highly Lewis basic amine donors. It 
was therefore targeted as a likely candidate to yield an active catalyst. For direct comparison 
with zinc, cobalt (II) acetate was chosen as the metal precursor. 
 
4.2.2 Synthesis of [L1Co2(OAc)2], [L1Co2(OAc)3] and [L1Co3(OAc)4] 
 
Scheme 4.1: Synthesis of I, II and III. i) 2 equiv. Co(OAc)2, toluene, 25 °C, 16 h, 79% ii) 3 equiv. Co(OAc)2, 
toluene, RT, 16 h, 83% iii) 2 equiv. Co(OAc)2, toluene, 25 °C, 16 h. iv) O2, 25 °C, 16 h, 85%.  
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To avoid confusion between [L1Co2(OAc)2] and [L1Co2(OAc)3] in the discussion, the three 
cobalt acetate complexes will henceforth be referred to by the numerals I ([L1Co2(OAc)2]), II 
([L1Co3(OAc)4]) and III ([L1Co2(OAc)3]).      
Reaction of H2L1 with two equivalents of Co(OAc)2, in thoroughly degassed toluene, yielded 
the pink di-cobalt(II) complex I; the use of three equivalents gave the purple tri-cobalt(II) 
complex II (Scheme 4.1). Whilst these complexes were air sensitive, they appeared to react 
with oxygen slowly. Both of these complexes were synthesised in good yields (~ 80 %, 
unoptimised), and the complex stoichiometries were confirmed by elemental analysis, which 
were in close agreement with the theoretical values. Like the analogous zinc complexes, 
LSIMS gave peaks corresponding to [L1Co2(OAc)]+ for both the di- and tri-cobalt complexes. 
The zinc analogues of these complexes gave complicated 1H NMR spectra due to the 
fluxionality of the molecules, requiring high temperatures to resolve a discernable spectra. 
This, combined with the paramagnetism of the cobalt(II) centres rendered NMR spectroscopy 
ineffective for the characterisation of these complexes.  
The coordination of Co(OAc)2 was also confirmed by infrared spectroscopy; the acetate 
groups showed symmetric and asymmetric stretches at 1575 and 1418 cm-1 for I, and 1581 
and 1425 cm -1 for II. These values are typical for bridged acetate groups.125 The structure of 
II was established by X-ray crystallography, which showed it to be isomorphous to 
[L1Zn3(OAc)4] (see Fig. 4.1). Like the analogous zinc complex, the macrocyclic ligand has a 
dished conformation with all four N–H units on the same side of the ring. In general, the 
bonds to Co(1) and Co(2) are shorter than those in the zinc species, whilst the bonds to Co(3) 
are longer. In particular, the Co(1)···Co(2) separation in [L1Co3(OAc)4] [3.0607(4) Å] is 
significantly shorter than the equivalent distance in the zinc analogue [3.1135(3) Å].  As was 
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The structure reveals the complex to be [L1Co2(OAc)3] (III). Compared to II, the structure of 
III (Fig. 4.2) shows a very different conformation for the macrocyclic ligand. Instead of the 
dished conformation, the ligand forms a stepped conformation, with one amine donor (N(8)) 
adopting the axial position around Co(1), cis to O(1) rather than trans as seen in the structure 
of II. This places the O(45) acetate in an equatorial position. The presence of three acetate 
groups and no counter anions suggests the two cobalt centres must be of mixed valency, with 
one Co(II) and one Co(III) centre required to balance the charge. Analysis of the bond lengths 
suggests this is indeed the case, and the structure establishes the localisation of these 
oxidation states.   
A clear and consistent pattern can be observed in the bonds around Co(1) and Co(2), with all 
of the bonds to Co(2) being shorter than those to Co(1), showing that the oxidation has 
localised on Co(2) (Table 4.2). The differences between the CoII-N and CoIII-N bond 
distances are between 0.18 and 0.20 Å. Such differences are characteristic of comparison 
between a high spin Co(II) centre and low spin Co(III) centre.137 The CoII-O and CoIII-O 
distances are different by between 0.14 and 0.18 Å, which are similarly characteristic: a 
mixed valence Co(II)/Co(III) complex of a Robsons tetraimino macrocycle, featuring 
bromide and aqua co-ligands, reported the Co(II)-O phenolate bonds lengths to be 0.15-0.19 
Å longer than their Co(III)-O equivalents.138 No crystal structures of acetate bridged 
Co(II)/Co(II) Robson or reduced Robson complexes have been reported, however two 
structures of dicobalt(III) complexes of Robsons ligands featuring bridging acetate groups 
have been published.139, 140 Co-O bond lengths of 1.90 – 1.92 Å are reported; this is consistent 
with the Co(2)-O(42) bond distance for the Co(III) centre. Furthermore, the bridging acetate 
C-O bond lengths C-O(42) and C-O(40) are of different lengths. The bond to O(40) is 
significantly shorter by 0.05 Å, suggesting it contains the most double bond character, and 
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hence O(42) is the anionic donor. Interestingly, the Ar-O(1)/O(11) bond lengths are identical, 
which would be expected when both atoms are only shared by two cobalt atoms. Elemental 
analysis confirms this structure was retained in the bulk, as the experimental values showed 
good agreement with the theoretical ones for this structure. LSIMS gave a peak 
corresponding to [L1Co2(OAc)]+. 
 
4.2.3 Electronic Spectra and Magnetism 
 
Table 4.3: Electronic spectroscopic data for the complexes in toluene at 25 °C. 
Complex λmax/nm (ε/dm3mol-1cm-1)a
I 489 (55), 1042 (13) 
II 514 (129), 570 (131), 1017 (40) 
III 627 (370), 1032 (6) 
aMolar absorption coefficients calculated per dimer. 
 
The electronic spectra of I, II and III were taken in toluene (see Table 4.3). The spectrum 
produced by I showed two d-d transitions at 489 nm (ε = 55 dm3mol-1cm-1 per dimer) and 
1042 nm (13 dm3mol-1cm-1), which correspond respectively to 4T1g(F) → 4T1g(P) and 4T1g(F) 
→ 4T2g transitions of an octahedral, high spin cobalt (II) centre.137 The mixed valence 
complex III shows two main d-d transitions: the 4T1g(F) → 4T2g transition from the cobalt (II) 
centre (1032 nm, 6 dm3mol-1cm-1) and a more intense transition at 627 nm (370 dm3mol-1cm-
1) which corresponds to the 1A1g → 1T1g transition of a cobalt (III) centre in Oh geometry.137 
The significantly weaker 4T1g(F) → 4T1g(P) transition of the cobalt (II) centre is obscured by 
the tail of the cobalt (III) transition and by the slight red-shifting of an intense ligand based 
absorption to 370 nm. The trimetallic complex II shows two different visible absorptions 
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corresponding to d-d transitions in the separate cobalt environments. The  4T1g(F) → 4T1g(P) 
absorption from the two octahedral cobalt centres is slightly red-shifted to 514 nm (129 
dm3mol-1cm-1) whilst a separate transition corresponding to the tetrahedral cobalt (II) centre 
is observed at 570 nm (131 dm3mol-1cm-1). A broad transition at 1017 nm (40) was also 
observed, from the 4T1g(F) → 4T2g transition at the octahedral cobalt centres, possibly with a 
contribution from the tetrahedral cobalt centre too. When the extinction coefficients of the 
two visible transitions are compared per metal centre, the tetrahedral transition has double the 
intensity. As a result, whilst 1 is light pink, 2 has a very strong purple colour.  
The magnetic moment of III was measured using the Evans’ NMR method,141 giving an 
effective magnetic moment of 4.40 B.M. per dimer, which is consistent with one high-spin 
Co(II) centre and a low-spin diamagnetic Co(III) centre.137, 142 The magnetic moment of I was 
measured by the same method, giving an overall effective magnetic moment of 5.2 B.M. per 
dimer or 2.6 B.M. per metal centre. This is significantly below the expected value of around 
4-5 B.M. per metal centre for a high-spin d7 Co(II) centre. There are two possible 
explanations for the difference between expected and experimental values: high temperature 
antiferromagnetic coupling between the two cobalt centres or oxidation of I in the NMR tube. 
Antiferromagnetic coupling would appear unlikely as strong ferromagnetic coupling is 
usually only observed at low temperatures, whilst no colour change associated with oxidation 
was observed in the NMR solution. 
X-ray crystallography, UV-vis and magnetic measurements all confirm that III is in fact a 
localised mixed valence Co(II)/Co(III) species of the structure shown in Fig. 4.2. 
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4.2.4 Catalytic Activity of I, II and III in the Copolymerisation of CHO and CO2 
The three cobalt acetate complexes were tested for catalytic activity, under the same test 
conditions used for the zinc catalysts, that is 80 °C, 1 atm CO2 and a loading of 0.1 mol %. 
As I and II are moderately air sensitive, CHO was thoroughly degassed before use, and 
Research Grade CO2 (‘100 %’) was used instead of C.P. grade (99.9 %, which was found to 
be adequate for the zinc catalysts) to reduce possible oxygen contamination. The zinc 
catalysts, when left to run for 24 hours at 80 °C, did not reach a high enough viscosity to 
prevent magnetic stirring. However, with I and III the viscosity increased to a point where 
stirring was hampered within 3 hours. Analysis of the copolymers produced showed the 
catalysts to be significantly more active than the zinc catalysts (see Table 4.4). 
Table 4.4: Copolymerisations of CHO and CO2 catalysed using I, II, III and [L1Znx(OAc)y]. 
Catalyst Time (h) TONa TOF 
 (h-1)b 
TON per 
metalc 
TOF per 
metal (h-1)d 
% Selectivitye Mnf 
(g/mol) 
PDIf
I 2 344 172 172 86 >99 5100 1.26 
III 3 417 159 209 80 >99 6300/2800 1.04/1.14
II 24 209 9 70 3 98 1100 1.22 
L1Zn2(OAc)2 24 437 18 219 9 96 6200 1.19 
L1Zn3(OAc)4 24 288 12 144 6 96 3400 1.21 
Copolymerisation conditions: 80 °C, 1 atm CO2. a) TON = number of moles of CHO consumed per mole of 
catalyst. b) TOF = TON per hour. c) Moles of epoxide consumed per mole of metal. d) Moles of epoxide 
consider per mole of metal per hour. e) Determined by comparison of the integrals of signals arising from the 
methylene protons in the 1H NMR spectra due to copolymer carbonate linkages (δ = 4.65 ppm), copolymer ether 
linkages (δ = 3.45 ppm) and the signals due to cyclic carbonate by-product (δ = 4.0 ppm).128 f) Determined by 
GPC, in THF, using narrow polystyrene standards as calibrants. All the copolymers contained >99 % carbonate 
linkages, as observed by 1H NMR. 
 
At 80 °C and 1 atm CO2 pressure, catalysts I (entry 1, see Tab. 4.4) and III (entry 2) show 
very similar activity, giving TOFs around 9 times higher than [L1Zn2(OAc)2] (entry 4) under 
the same conditions. These complexes were highly active for this copolymerisation under 
such a low pressure – indeed they showed a slight improvement in activity to the best 
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these end groups are commonly observed for this copolymerisation, as discussed in Chapter 
3.61 The increased presence of this series in the polymer produced by III is most likely due to 
the absorption of atmospheric moisture into the solution upon its opening to air during the 
oxidation step. Despite being heated to 50 °C under high vacuum for several hours after the 
solvent was removed, it would appear that some of this moisture remains.  
The presence of some water in both catalysts is highly likely since the Co(OAc)2 purchased 
from Sigma (99.999 % trace metals basis) reports to have ≤5 % water content. The 
persistently low molecular weights observed using acetate initiating groups, as well as the 
presence of a series that cannot be umambigously assigned, meant that the use of other 
initiating groups such as halides was investigated. This will be discussed in section 4.3. 
 
4.2.6 Copolymerisation Conditions 
 
Table 4.5: Copolymerisations of CHO and CO2 catalysed using I and III with variation of pressure and 
temperature. 
Catalyst T (°C) Time (h) TONa TOF
(h-1)b 
% carbonate % Selectivity Mn 
(g/mol) 
PDI
I 100 1 410 410 >99 >99 4200 1.29
III 100 0.83 400 480 >99 >99 7300/3200 1.03/1.11
III 100 0.5 252 504 >99 >99 5000/2300 1.04/1.11
I 60 7 310 45 >99 >99 4900 1.04
III 60 7 110 15 93 95 750 1.28
a) TON = number of moles of CHO consumed per mole of catalyst. b) TOF = TON per hour. For experimental 
details see Table 4.4. 
 
The polymerisation temperature was increased to 100 °C, resulting in a significant increase in 
activity for both I and III. However, III is more active at higher temperatures, with a 
maximum TOF of 504 h-1 in 30 mins (entry 3, Tab. 4.5), approximately five times the best 
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reported catalyst at this pressure, albeit at higher temperature.61 The copolymerisation was 
run for 50 minutes, until stirring became difficult (due to the increased viscosity). This 
afforded a higher conversion and also a higher molecular weight copolymer, with a small 
reduction in activity due to the decreased stirring (entry 2). At 60 °C, I was significantly 
more active than III. Indeed, I shows activity at 60 °C that is more than double that of 
[L1Zn2(OAc)2] at 100 °C.128  
It was observed that at higher temperatures, the copolymerisation solution of III (in CHO) 
turned from the characteristic olive green to an orange colour. The same effect was also 
observed at lower temperatures (e.g. 60 °C), although it took several hours. This colour 
change could be accounted for by the coordination/initiation of CHO, which may require 
rearrangement from the stepped conformation observed in Fig. 4.2. Although the use of other 
epoxides will be discussed in Chapter 5, it was also observed that by heating III in PO an 
orange solution was obtained; however upon cooling to room temperature, the solution 
reverted to the olive green colour. It is therefore proposed that the colour change is caused by 
the coordination/insertion of epoxide to III, and that this reaction is reversible and requires an 
elevated temperature to drive the reaction. No colour change was observed using I, which 
remained pink under the copolymerisation conditions, and was far more active than III, at 
lower temperatures. Although no suitable crystals of I were grown, and hence no structure 
was solved, it would be expected to adopt the same conformation as II, as they feature the 
same cobalt oxidation states. Also, until the structure of III was resolved, the dished 
conformation was the only one that had been observed. This adds credence to the suggestion 
that III might require a conformation rearrangement in order to initiate the copolymerisation, 
and that the initiation step is reversible and requires a higher temperature for activity.    
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The large peak in both spectra observed around 400 nm is assigned to a Ligand-Metal Charge 
Transfer band, as the extinction coefficient is in excess of 4000 dm3mol-1cm-1, in each case. 
Table 4.6: High pressure copolymerisation of CHO and CO2 using III. 
Catalyst 
 
Loading Time (h) TON TOF
 (h-1) 
% carbonate % 
Selectivity 
Mn 
(g/mol) 
PDI
III 1:1000 0.083 370 3744 >99 >99 8800/3900 1.04/1.09
III 1:4000 1 1110 1110 >99 >99 7700/3400 1.03/1.10
III 1:7000 1 667 667 >99 >99 7900 1.25
III 1:10000 1 132.5 132.5 83 93 8000 1.16
Copolymerisation conditions 100 °C, 10 atm.  
 
A series of high pressure copolymerisations were attempted using III, as it was slightly more 
active than I and is air stable. It is subsequently considerably easier to handle. When the CO2 
pressure was increased to 10 atm, the activity increased markedly. It is particularly 
noteworthy that at a loading of 1:1000, III shows a TOF of 3744 h-1, achieving greater than 
30% conversion in just 5 minutes. This activity is amongst the highest reported for this 
copolymerisation.35, 44 The excellent carbonate and polymer selectivity was retained, whilst 
the molecular weight increased slightly (approx. 9000 g/mol, although still with a bimodal 
distribution). The catalyst loading was lowered to 1:4000, 1:7000 and 1:10,000, and 
decreased loading significantly lowered the activity of the catalyst. At 1:4000, a high TON 
was observed, although the TOF was one third that observed at 1:1000 loading showing that 
the catalyst performance decreased significantly. At 1:7000, the TON and TOF after 1 hour 
decreased further, and at 1:10,000, the catalyst was less active than [L1Zn2(OAc)2], producing 
a copolymer with only 83 % carbonate linkages as well as 7 % cyclic carbonate. Even though 
III is air stable, it was significantly less robust than [L1Zn2(OAc)2] and did not function as 
effectively under decreased loadings. The copolymer molecular weights were all similar, 
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suggesting chain transfer is a major factor, as they would be expected to increase with 
decreased loadings. 
 
4.2.7 Discussion 
Catalysts I and III are significant for two main reasons: Firstly, they display very high 
activities under low CO2 pressures, and secondly they demonstrate a significantly improved 
activity upon replacing Zn(II) with Co(II)/Co(III). 
The high TON and TOF observed at atmospheric pressure of CO2 is very unusual – so far 
only a handful of catalysts are active under such conditions, and the cobalt complexes 
showed a higher activity than the best reported systems, albeit at higher temperatures.32, 45, 46, 
72, 74, 128, 133 It is also significant that the current catalysts use a novel ligand system: the 
reduced Robson macrocycle. So far, the most active catalysts have been restricted to salen (or 
derivatives thereof) or β-diiminate ligands. The introduction of the reduced Robson ligand 
enables further insights into catalyst structure-activity relationships. The ligand structure is 
crucial to activity, particularly at low CO2 pressures, and several factors appear to have a 
large effect on this.  
Ligand flexibility appears to have a large influence over activity. Dizinc complexes of 
Robson’s ligand have also been synthesised by members of the Williams group (see Fig. 4.8), 
and were completely inactive. These complexes have also been reported to be inactive 
elsewhere.146  These lack flexibility because of the planar imine double bonds, which give 
rigidity to the backbone.  
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Figure 4.8: Structural variation and activities under 1 atm CO2 pressure. 
 
The high activity of zinc and cobalt complexes of H2L1, under atmospheric pressure, was 
therefore attributed to the flexibility of the ligand and the weaker amine donor atoms (c.f. 
imine donor atoms). The coordinative flexibility of the ligand can be easily observed in 
molecular structure solved for III, in which one of the amine donors is able to twist and adopt 
an axial coordination site. The combination of the increased flexibility of the system and the 
weaker amine donors could facilitate coordination/de-coordination processes, which facilitate 
epoxide binding and bidentate carbonate coordination, facilitating CO2 insertion. Nakano et 
al, and Luinstra et al, have both observed that a bidentate coordination mode of the carbonate 
growing polymer chain is particularly favourable for assisting CO2 insertion reactions and 
preventing decarboxylation.18, 61 Complexes I and III show bidentate coordinaton of acetate 
groups, both in the solid state and in solution. This bidentate coordination is facilitated by the 
flexibility of the ligand coordination geometry, where either an all cis or a cis, cis, cis, trans 
geometry is feasible for the amine donors, and by the presence of two close metal centres 
over which the carboxylate can bind in a bridging fashion.  
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The significant improvement in activity on replacement of Zn(II) centres with Co(II) centres 
provides an interesting analogy with zinc-dependent metalloenzymes, in particular 
phosphatases, amidases and  proteases, which show dramatic improvements in rate for the 
same metal substitution.147-150 This so-called enzymatic ‘hyperactivity’ (i.e. on substitution of 
Zn(II) with Co(II)) has also been observed in well-defined, biomimetic complexes, some of 
which are reactivity models for the enzymes.150 In the copolymerisation of CHO and CO2, the 
increase in activity on replacing Zn(II) with Co(II) might, at first appear difficult to 
rationalise. After all, Zn(II) and Co(II) have similar Lewis acidities and as such should have 
similar affinities for epoxide binding.151 However, various experimental and theoretical 
studies, albeit using different ancillary ligands, propose that the rate determining step is ring 
opening by the nucleophilic metal carbonate growing polymer chain.32, 152 Therefore, by 
analogy to these other systems, it is expected that complexes I and III would show rate 
determining step(s) dependent on epoxide ring opening. This is supported by the fact that 
complexes I and III show essentially the same TON and TOF; in contrast, if the rate were to 
depend significantly on epoxide binding then it would be expected that complex III, which 
has a much more Lewis acidic Co(III) centre, would show a higher TOF than catalyst I. It is 
worth noting that this similarity in reactivity is not caused by the in situ oxidation of complex 
I, as the reaction mixture retains the pink colour of the Co(II/II) complex throughout the 
experiment. It is therefore likely that the rate enhancement on substituting Co(II) for Zn(II) is 
due to the increased nucleophilicity of the cobalt carbonate propagating species compared to 
its Zn analogue. In fact, exactly such hypotheses have been used to rationalise the 
hyperactivity of the cobalt metalloenzymes and biomimetic complexes.147-150   
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4.3 Cobalt Halide Complexes 
4.3.1 Halide Initiators 
In light of the continuing low molecular weight copolymers observed with zinc and cobalt 
acetate complexes, it was decided to investigate whether this problem was caused by the 
acetate initiating groups, either by side reactions or by the presence of trace amounts of water 
in the metal acetates. As metal halide compounds can generally be synthesised under an inert 
atmosphere by a combination of the metal and the relevant halogen, they are commercially 
available in anhydrous form. Though zinc halide complexes of H2L1 were found to be 
inactive, halides have been shown to be good initiating groups in salen complexes; the 
synthesis of cobalt halide complexes of H2L1 was therefore targeted. 
 
4.3.2 Base Free Synthesis 
 
 
Scheme 4.2: Attempted base-free synthesis of [L1Co2X2]. i) 2 CoX2, THF, 25 °C, 16 h. 
 
 136 | P
 
The syn
base, m
presenc
with tw
whilst C
Figure 4
Table 4.7
Co(
Co
Co
Co(
 
The com
= Br (s
[L1Zn3(
structur
precipit
The Co
Synth
a g e  
thesis of th
eaning HX
e of a stron
o equivalen
oI2 produc
.9: Molecular
: Selected bo
[L1Co3
1)-O(11) 
(1)-N(8) 
(1)-O(1) 
1)-Co(2) 
plexes cry
ee Appendi
OAc)4] and
e to be ac
ate produce
-N bond di
esis, Chara
e cobalt ha
 would be
g acid cou
ts of CoC
ed a green 
 structure of [
nd lengths (Å
Br4] 
2.0471(14
2.0986(18
2.1844(14
2.9490(4)
stallised ea
x) and I (F
 [L1Co3(OA
curate for 
d was the h
stances in [
cterisation 
lide compl
 produced 
ld remove 
l2 or CoBr2
compound. 
L1Co3I4], prod
) for [L1Co3B
 
)  Co(1)-O
)  Co(1)-
)  Co(1)-
  Co(1)-C
sily, and X
ig. 4.9). Th
c)4](II). E
the bulk 
ydrohalide
L1Co3Br4] 
and Copoly
exes [L1Co
as a by-pro
cobalt from
 in THF, a
In all cases
uct of base f
r4], [L1Co3Br
[L1Co3I4]
(11) 2.0
N(8) 2.0
O(1) 2.1
o(2) 2.9
-ray structu
e structure
lemental a
sample; it 
 salt of the 
and [L1Co3
merisation 
2X2] was a
duct. This
 the macro
quamarine 
 a white pr
ree synthesis.
4] and II ([L1
494(13) 
925(17) 
945(13) 
822(4) 
res were so
s were tri-c
nalysis of [
was there
remaining 
I4] are sligh
Activity of
ttempted w
 might be 
cycle. Whe
blue produ
ecipitate wa
 
Co3(OAc)4]). 
[L1Co
Co(1)-O(11)
Co(1)-N(8) 
Co(1)-O(1) 
Co(1)-Co(2)
lved for th
obalt tetrah
L1Co3I4] co
fore assum
unreacted H
tly shorter
Cha
 Cobalt Com
ithout the 
undesirable
n H2L1 wa
cts were ob
s also obse
 
3(OAc)4] 
 2.0571(
2.112(
2.2273(
 3.060
e products 
alide analo
nfirmed th
ed that th
2L1, i.e. H
 than in the
pter 4 
plexes 
use of a 
, as the 
s mixed 
served, 
rved. 
16) 
2) 
17) 
  
when X 
gues to 
e X-ray 
e white 
2L1.HX. 
 acetate 
Chapter 4 
Synthesis, Characterisation and Copolymerisation Activity of Cobalt Complexes 
 
137 | P a g e  
 
analogue II (2.09-2.10 Å c.f. 2.11 Å), as are the Co-O bonds to the phenolate units, which are 
asymmetrical in length. The Co(1)-Co(11) bond is approximately 0.15 Å shorter than the 
corresponding Co(1)-O(1) bond in all three structures, which is unsurprising as O(1) is also 
coordinated to Co(3). The Co-Co bond distances are all significantly shorter in the halide 
complexes than in II. For instance, Co(1)-Co(2) are separated by ~ 2.42, 2.98 and 3.06 Å in 
[L1Co3Br4], [L1Co3I4] and [L1Co3(OAc)4] respectively. The increasing Co-Co separation 
corresponds with the increase in size of the bridging groups. The Co-Co separations are 
significantly shorter than observed for the trizinc complexes, which typically had a Zn(1)-
Zn(2) separation of ~3.14 Å. A dicobalt(II) bromide  complex of a similar Robson tetraimino 
macrocycle (featuring terminal bromide co-ligands) showed Co-Br bond lengths of 2.5556(1) 
Å,153 significantly shorter than the bonds between Co(1) or Co(2) to the bromide co-ligands 
(2.67 – 2.78 Å), which reflects the weakening of the individual Co-Br bonds by bridging as 
well as the steric restrictions of the macrocyclic environment. In contrast, the bonds between 
Co(3) and the nearby bromide ligands are significantly shorter (2.35-2.43 Å), with the Co(3)-
Br(4) terminal bond the shortest.   
The presence of excess HX therefore promotes formation of the tri-cobalt complexes 
(anecdotal support arises as upon addition of CoX2, the solutions quickly turned purple before 
slowly changing to either green or blue, suggesting a di-cobalt complex was initially formed, 
before reacting with HX). The use of a base was, therefore, required to synthesise a bimetallic 
cobalt halide complex. In order to more easily evaluate various synthetic methods, only 
CoCl2 was used for the halide precursor.  
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4.3.3 Synthesis with KH as a Base   
The ligand was stirred with KH, in THF under nitrogen at -78 °C, before being allowed to 
warm to room temperature, after which two equivalents of CoCl2 were added. This produced 
a purple solution suggesting the formation of [L1Co3Cl4] was successfully averted. A white 
precipitate was also formed (assumed to be KCl), which was filtered. The product was 
recrystallised, and two single crystal X-ray structures were solved from different crystals. The 
two structures both contained the same compound, K[(L1Co2Cl2)2Cl], in different symmetry 
environments. 
 
Scheme 4.3: Attempted synthesis of [L1Co2Cl2] via deprotonation with KH. i) 3 KH, THF, -78 °C to 25 °C, 1 h. 
ii) 2 CoCl2, 16 h. 
 
This structure (see Fig. 4.10) shows two ligand units in dished conformations facing each 
other. Each ligand unit contains a Co2Cl2 moiety with one chloride ligand in a bridging 
coordination mode between the two Co atoms on the outside face of the macrocycle. The 
second chloride ligand is found on the inner face of the macrocycle. The two units are 
essentially joined by KCl; the extra chloride bridges between the two, completing the 
octahedral coordination sphere around all the Co atoms, whilst the K+ ion balances the charge 
and is itself loosely coordinated to the halide ligands and the phenol units on the two 
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is shared equally between the two cobalt centres. A Co-Co separation of just 2.9358(14) Å is 
amongst the shortest observed with this ligand, in keeping with the observation that Co-Co 
bonds distances are slightly shorter than their Zn-Zn equivalents.  
Elemental analysis concurred with the theoretical formula from the crystal structure 
(C68H108Cl5Co4KN8O4), which suggested that this structure was not merely a crystallographic 
curiosity. LSIMS of the complex gave a peak at m/z = 703, which corresponds to [L1Co2Cl]+, 
indicating the structure is either cleaved under this hard ionisation technique, or the dimer is 
not held together in solution. No mass spectrum was obtained with LSIMS-. The complex 
was taken up in a minimal amount of several solvents (e.g. THF and DCM) from which KCl 
would be expected to precipitate upon standing, but, no further precipitation was observed. 
This suggests that, even in solution, KCl is coordinated, and that the fragmentation observed 
by MS is probably due to the ionisation technique.  
With the zinc and cobalt tri-metallic complexes, it was observed that the coordination of 
excess starting material/by-product on one face of the complex significantly reduced the 
activity of the catalyst. It was therefore thought that the dimeric structure would be a 
hindrance to copolymerisation. The use of other bases was therefore investigated. 
 
4.3.4 X-ray Structure Discussion 
The synthesis of [L1Co2Cl2] was attempted using NEt3 as a base. An X-ray crystal structure 
showed the structure to be [L1Co2Cl2(H2O)], where water (presumably from inadequately 
dried solvent) occupied the third coordination site. The structure showed the same dished 
conformation for the macrocycle, with all four amine protons on the upper face of the ligand. 
A chloride ligand bridges between the two cobalt centres on the upper face, whilst a second 
chloride ligand coordinates in a monodentate fashion underneath the macrocycle, completing 
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ligand is observed, completing the octahedral coordination environment for both cobalt 
centres. The ligand conformation and sterics appear to force the two cobalt centres to share a 
bridging ligand on the upper face of the molecule (this has been observed with all crystal 
structures using this ligand with both zinc and cobalt). This forces the two axial positions on 
the bottom face of the complex further apart, seemingly preventing a bridging coordination 
mode. Additionally, Co(II) has a preference for octahedral coordination, which appears to 
strongly promote the coordination of a third ligand. As a result any available donor is used to 
coordinate, including trace amounts of water (present in insufficiently dried solvents), halides 
from ionic salts (KCl) and halides from HX/CoX2.  
It was therefore thought advantageous to control this coordination, and deliberately fill this 
third coordination site, preventing the coordination of unwanted agents such as water or KCl. 
To this end, all solvents were freshly distilled and de-gassed, and two strategies were devised, 
based upon the use of ionic and neutral co-catalysts, as seen with salen-based complexes. 
 
4.3.5 Synthesis of Ionic Complexes [L1Co2Cl3][BH] 
OHNH HN
NH OH HN
i) ON N
N O N
Co Co
H H
HH
ii)
Cl Cl
Cl
[B-H]
 
Scheme 4.4: Synthesis of [L1Co2Cl3][B-H] (B = NEt3, DBU or MTBD). i) 2 B, THF, 25 °C, 1 h. ii) 2 CoCl2, 25 
°C, 16 h.   
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The use of sterically hindered amine bases such as NEt3, DBU and MTBD to form anionic 
complexes was investigated. KCl produced a dimeric structure of two [L1Co2Cl3] units, so the 
bulkier bases were used to target monomeric ionic complexes of the form [L1Co2Cl3]-[HB]+. 
They were also chosen by analogy to Co/Cr salen halide complexes which, when combined 
with ionic co-catalysts, require a bulky cation such as Bu4N+ or [PPN]+ to be effective. In the 
case of salen catalysts the co-catalyst reacts to produce an ionic complex of the form 
[SalenMX(Cl)][PPN].55  
The ligand was stirred for 1 hour in THF, with the relevant base, before two equivalents of 
CoCl2 were added slowly and the solution stirred overnight. Fast addition of CoCl2 or 
addition of the ligand solution to CoCl2 led to production of significant amounts of a blue 
product, thought to be [L1Co3Cl4]. In order to promote formation of the desired structures and 
to fill the third coordination site with [B-H]Cl and not CoCl2, a low concentration of CoCl2 
was required at all times. Slow addition of CoCl2 to the solution prevented the formation of 
any blue product, instead giving a purple solution. In all cases a white precipitate was 
observed, which was filtered and presumed to be the chloride salt of the protonated bases ([B-
H]Cl). Crystals suitable for X-ray analysis were grown of all three products, showing the 
compounds to have the desired structure. 
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structures the ammonium cation is located on the bottom face of the macrocycle. In all three 
structures, the B–H unit hydrogen bonds to the Cl(2) chlorine atom with [N···Cl], [H···Cl] 
(Å), [N–H···Cl] (°) of 3.0623(13), 2.17, 174 for 3a, 3.2311(14), 2.33, 175 for 3b, and 
3.125(3), 2.33, 148 for 3c.  
Elemental analysis of the complexes confirms the stoichiometry in the bulk sample. ESI-MS 
was recorded in both positive and negative modes for the complexes. In all cases, the 
negative ion spectra showed a major peak at m/z = 803 and a minor peak at m/z = 793. These 
two peaks correspond to [L1Co2(HCO2)3]- and [L1Co2Cl(HCO2)2]- respectively, which were 
produced by reaction of the complexes with formic acid, which was present at 0.1 % in the 
mobile phase used for ESI ionisation. Similarly, the positive ion spectrum gave a peak at m/z 
= 713 which corresponds to [L1Co2(HCO2)]+. This demonstrates that the chloride anions can 
be replaced by other anions, a result of potential significance for the catalysis. Analysis of a 
previously unassigned positive ESI spectrum of [L1Zn2(OAc)2] showed the main peak in fact 
to be [L1Zn2(HCO2)]+, whilst the LSIMS spectrum clearly showed the main species was 
[L1Zn2(OAc)]+. No peaks were detected by negative ion LSIMS for [L1Co2Cl3][B-H]; 
however, the presence of [L1Co2Cl(HCO2)2]- and the analogous zinc results present good 
evidence for the formation of [L1Co2Cl3]-. Positive ion LSIMS revealed only the expected 
protonated amine bases, [B-H]+, confirming the identity of the counter-cations. 
 
4.3.6 Synthesis of Neutral Complexes [L1Co2Cl2(Nu)] 
The use of neutral co-catalysts, such as DMAP and MeIm, with metal salen complexes has 
been shown to be an effective means to generate an active species. In some cases, analysis of 
the copolymer end groups has revealed that the nucleophilic co-catalysts act as initiators even 
in the presence of a vacant metal coordination site.54, 127 Filling the third coordination site 
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with a nucleophile, to ensure coordinative saturation of the complex, was initially attempted 
using an excess of the nucleophile, which would also function as a base. 
 
Scheme 4.5: Attempted synthesis of [L1Co2Cl2(Nu)]. i) 3 Nu, THF, 25 °C, 1 h. ii) 2 CoCl2, 25 °C, 16 h. 
 
By adding three equivalents of the relevant nucleophile, it was envisaged that the 
deprotonation of the ligand and the coordination to the metal centre could be achieved in one 
step. However, a blue product was observed in all cases. Analysis of crystals grown from the 
crude product using pyridine were shown, by X-ray crystallography, to be [CoCl2(py)2]. This 
suggested these nucleophiles are not sufficiently basic to deprotonate H2L1, but instead 
simply coordinate to CoCl2, the product of which appears unreactive towards to H2L1. A 
cursory glance at the pKa values for unsubstituted phenol, pyridine, imidazole, NEt3 and 
DBU shows that whilst DBU and NEt3 are significantly more basic than phenol, and 
therefore deprotonate H2L1, pyridine and imidazole are not sufficiently basic to deprotonate 
phenol. A different base was therefore needed in order to deprotonate the ligand and facilitate 
coordination of the nucleophiles. 
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Scheme 4.6: Synthesis of [L1Co2Cl2(Nu)]. i) KH, THF, -78 °C to 25 °C, 1 h. ii)  Nu, 25 °C, 5 min. iii) 2 CoCl2, 
25 °C, 16 h.  
 
The ligand was deprotonated with KH, after which the nucleophile was added and allowed to 
stir for a few minutes. Two equivalents of CoCl2 were introduced afterwards, as it was 
thought this would allow for coordination of the nucleophile and prevent the formation of 
K[(L1Co2Cl2)2Cl]. 
Instead of producing a purple product, a deep red solution was observed using all three 
nucleophiles, suggesting K[(L1Co2Cl2)2Cl] did not form. Positive ion LSIMS gave the same 
molecular ion for all three complexes, corresponding to [L1Co2Cl]+. This species was 
proposed to form via elimination of a chloride and the nucleophile from the expected 
molecular ion. Elemental analysis of the three complexes suggested the correct structure and 
high purity, with excellent agreement between experimental and calculated values. Crystals 
were grown of the products, from which structures were obtained using single crystal X-ray 
diffraction for [L1Co2Cl2(MeIm)] and [L1Co2Cl2(DMAP)], revealing the complexes to have 
the desired structure.  
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Both the complexes showed the usual dished ligand conformation, with, as expected, one 
bridging chloride donor above the ring, one below, and an amine donor coordinated in the 
third site. Analysis of the bond lengths of the two structures reveals several key differences 
(see Table 4.11). Firstly, the Co-N bond (Co(1)-N(41)) for the DMAP complex is 0.02 Å 
shorter than the equivalent Co-N bond (Co(1)-N(40)) in the MeIm complex. This suggests 
that DMAP is more nucleophilic and coordinates more strongly than MeIm. This also results 
in an observable trans-effect, with the Co(1)-Cl(1) bond being 0.03 Å longer for the DMAP 
complex than the MeIm analogue. In turn, there is a distinct difference in the bond length 
between Co(2) and Cl(1), which is 0.06 Å shorter in the DMAP complex, and is actually 
shorter than the bond between Co(1) and Cl(1), suggesting the elongation of the bond to 
Co(1) forces the chloride ligand closer to Co(2). This implies that more of the charge from 
the two anionic chloride ligands rests on Co(2) than Co(1) in the DMAP complex. The 
coordination of DMAP also has an effect on the Co-phenolate bonds, which are 0.02 Å 
shorter to Co(1). This suggests the charge is balanced by an asymmetric distribution of the 
phenolate ligation, where the two phenolate donors bond more strongly to Co(1), whilst the 
chloride ligands bond more strongly to Co(2). In the MeIm analogue, where a weaker trans-
effect was observed, the Co(1)-Cl(1) bond is shorter than the bond to Co(2), and the Co-
phenolate bonds are similar to each cobalt centre. This suggests the charge is balanced more 
regularly, with one anionic chloride ligand donating primarily to each centre.   
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most probably a hydroxide ligand, as mixed Co-O-Co complexes are not common. A mixed 
Fe-Co complex of a Robsons macrocycle has been reported with an Fe-O-Fe oxo-bridge,154 
with no bridging observed on cobalt, but a hydroxyl-bridged structure has been reported for a 
Co-Co complex of a similar ligand.140 Unfortunately, the data collection was stopped as the 
structure wasn’t deemed interesting at the time, so no comparison of bond distances can be 
undertaken to establish the precise nature of the oxygen bridge. However, it would appear 
that the ‘OH-‘ coordinates in the same site that would’ve been occupied by pyridine on the 
lower ligand, as the dished ligand conformation is retained. Interestingly, one of the cobalt 
centres is 5-coordinate;  it is suggested this is caused by loss of the bridging halide ligand. 
That the hydroxo co-ligand replaces the nucleophile explains the order of 
reactivity/sensitivity. DMAP coordinates more strongly than MeIm, meaning it provides a 
higher barrier to oxidation or hydrolysis. Pyridine is expected to be a significantly weaker 
donor than both MeIm and DMAP, therefore it is more easily removed for oxidation or 
hydrolysis. Resonance structures can be drawn for both MeIm and DMAP, in which the lone 
pair on the second nitrogen atom promotes donation. Pyridine doesn’t possess a second 
nitrogen atom, and therefore no such resonance structure can be considered. The 
nucleophilicity of the pyridine nitrogen is therefore less than MeIm and DMAP. 
 
Figure 4.18: Resonance structures for DMAP and MeIm showing high electron density on nitrogen donor. 
 
Evidence for this assisted coordination can be observed in the X-ray crystal structure of 
[L1Co2Cl2(DMAP)]. The C-N bond from the amine group to the pyridine ring in DMAP is 
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and 600 nm, and, unlike the spectra of I, showed significant fine structure. This fine structure 
is readily observed with octahedral, high spin d7 complexes, and is generally attributed to a 
mixture of forbidden transitions to doublet states.155 Further to this, in some of these 
complexes, the two metal centres are in chemically distinct environments, leading to further 
complication of the spectra. However, the transitions are within the expected region of the 
visible spectrum for Co(II) high-spin transitions (4T1g(F) → 4T1g(P)) and related forbidden 
transitions.  
As with the spectra of I, II and III, highly intense charge-transfer bands are observed 
between 200-400 nm, and hence this region has been omitted from the spectra. The spectra of 
[L1Co2Cl2(DMAP)] and [L1Co2Cl2(py)] (Fig. 4.19, below) are very similar, with a major 
absorption at 473 and 471 nm, respectively. A lower intensity, broad shoulder between 500 
and 650 nm is also observed in both cases. The similarity of the two spectra is further 
confirmation that despite the lack of X-ray data, [L1Co2Cl2(py)] appears to be the correct 
structure. More fine structure is observed with [L1Co2Cl3][HNEt3] and K[(L1Co2Cl2)2Cl], 
with a second absorption at 543 nm. Both complexes feature chloride ligands in all the axial 
coordination sites, and are made up of [L1Co2Cl3], so it is therefore unsurprising that they 
exhibit almost identical spectra, with the exception of the small shoulder observed between 
650 and 700 nm for K[(L1Co2Cl2)2Cl]. The UV-Vis spectra support the oxidation states 
observed in the X-ray structures, giving extinction coefficients between 80 – 140 dm3mol-
1cm-1 showing the transitions to be more intense than that observed with I (55 dm3mol-1cm-1), 
but significantly less intense than III (370 dm3mol-1cm-1) and other reported low-spin Co(III) 
centres.155 [L1Co2Cl2(DMAP)] and [L1Co2Cl2(py)] show the most intense transitions (141 and 
139 dm3mol-1cm-1 respectively), which could be due to the reduced symmetry resulting from 
the replacement of one chloride ligand with a nucleophile. The spectra confirm that the 
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complexes feature Co(II) in a slightly distorted octahedral geometry, showing different cobalt 
environments/forbidden transitions in the form of more complicated fine structure. 
 
4.3.8 Copolymerisations using Cobalt Halide Complexes 
The complexes were all tested at 80 °C and 1 atm CO2 at a loading of 0.1 mol % for 
comparison with each other and with I and III. All the complexes were active for the 
copolymerisation of CHO and CO2, except for [L1Co2Cl2(DMAP)] which in 6 hours 
produced only oligomers.  
Table 4.12: Copolymerisation of CHO and CO2 using cobalt halide catalysts.   
Catalyst Time (h) TON  TOF 
(h-1) 
%  
carbonate
%  
Selectivity
Mn 
(g/mol) 
PDI 
K[(L1Co2Cl2)Cl] 6 93 16 >99 >99 5900 1.32 
[L1Co2Cl3][HNEt3] 3.5 363 104 >99 >99 6500 1.28 
[L1Co2Cl3][DBU-H] 5 350 70 98 98 7900 1.34 
[L1Co2Cl3][MTBD-H] 3.5 371 106 >99 >99 8800/3900 1.03/1.12 
[L1Co2Cl2(py)] 2.5 404 161 >99 >99 33100/14300/6400 1.03/1.04/1.19
[L1Co2Cl2(MeIm)] 3 313 104 >99 >99 7100/1400 1.02/1.16 
[L1Co2Cl2(DMAP)] 6 100 20 - - oligomers - 
Copolymerisation conditions: Catalyst (0.1 mol %), 80 °C, 1 atm CO2.  
 
The dimer K[(L1Co2Cl2)2Cl] was the least active, producing a TOF of only 16 h-1 in 6 hours. 
This is consistent with the previously observed difference between the di- and tri-metallic 
catalysts; the presence of an externally coordinated, unreactive site significantly hinders the 
copolymerisation. Of the three ionic complexes, [L1Co2Cl3][DBU-H] was the least active, 
producing PCHC with a TOF of 70 h-1, and interestingly, a small amount of both cyclic 
carbonate and ether linkages. [L1Co2Cl3][HNEt3] and [L1Co2Cl3][MTBD-H] showed very 
similar activity, as indeed did [L1Co2Cl2(MeIm)], all showing a TOF of ~105 h-1 with >99 % 
selectivity and carbonate incorporation. The small difference in reactivities of the three ionic 
species is not easy to rationalise, as they all feature almost identical anionic structures. DBU 
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and MTBD are very similar bases, yet [L1Co2Cl3][MTBD-H] shows slightly greater activity 
than [L1Co2Cl3][DBU-H]. The solid state structures show a similar hydrogen bond distance 
between the ammonium protons and the chloride ligand, which suggests the two cations 
behave in a similar fashion.  
A much larger variety of activities was observed with the neutral complexes, with 
[L1Co2Cl2(py)] being by far the most active, producing PCHC in 2.5 hours with a TON of 
404 and TOF of 161 h-1. The differing reaction times reflect the rate at which the solutions 
became too viscous to stir efficiently, which would lead to a reduction in rate and give a 
reduced TOF. The reactivity series, py > MeIm > DMAP, was inversely related to the 
coordinating ability of the nucleophile (as determined by X-ray data for MeIm and DMAP), 
with the py complex showing an eight-fold increase in activity over the DMAP analogue. 
Strong nucleophilic donors have been shown to hinder copolymerisation in some catalyst 
systems, as they coordinate the metal centre too strongly, blocking the coordination site and 
preventing epoxide binding.54, 65 It was proposed that DMAP coordinates too strongly for 
efficient epoxide binding to this coordination site.  
Such a sharp reduction in activity, due to competitive binding at just one metal site, could 
suggest a cooperative bimetallic mechanism (see Fig. 3.4, Chapter 3), whereby one cobalt 
centre coordinates the epoxide whilst the neighbouring cobalt centre delivers the nucleophile 
for ring opening. If a monometallic mechanism, whereby all sites acted independently, were 
in operation, a reduction in activity of one eighth would not be expected when replacing a 
moderate donor with a strong donor.  
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Scheme 4.7: Proposed cooperative bimetallic mechanism. 
 
The proposed mechanism (Scheme 4.7) therefore requires dissociation of the nucleophile (B) 
to allow epoxide coordination (C), before the adjacent nucleophile attacks the epoxide and 
ring-opens it, producing a metal alkoxide (D). Both the nucleophile (E) and CHO (F) can 
then coordinate and interchange at the now vacant adjacent site, before CO2 inserts into the 
metal alkoxide bond (G) and chain propagation can occur. That such a large reduction of 
activity occurs with DMAP suggests that this mechanism mainly occurs on the least sterically 
hindered bottom face of the ligand. If the copolymerisation occurred at the same rate on the 
upper face a reduction of only 50 % would be expected in the activity by blocking the 
coordination of CHO with DMAP. The significant reduction of activity in the tri-metallic 
Zn/Co species and dimeric K[(L1Co2Cl2)2Cl], where this less hindered face is blocked by 
other coordinating species, corroborates this assertion, as it is the more sterically hindered 
‘upper’ face that is more readily available in these cases. The structure/reactivity trends 
observed with all the complexes of H2L1 suggest that the mechanism is similar for all the 
M(II)/M(II) complexes; however, the presence of a third potential initiating group in III 
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could lead to a different mechanism for this catalyst. The proposed mechanism is similar to 
that suggested for the zinc BDI complexes by Coates and co-workers.32  
A further possible explanation for the significantly greater activity of [L1Co2Cl2(py)] over the 
MeIm and DMAP analogues was considered. [L1Co2Cl2(py)] showed very similar activity to 
that of III under these conditions, and it was observed that the polymerisation solution 
changes colour slightly to a pale orange, even using the highest grades of CO2 and careful 
oxygen free handling. These two observations could suggest that the weakly bound pyridine 
is removed and the complex (partially) oxidised to a Co(II)/Co(III) species similar to III 
either by CHO or by trace amounts of oxygen present. Once initiation occurred, the 
propagating species would then be very similar to the orange propagating species observed 
with III, which could explain the similarity in activities. In contrast, the less sensitive and 
active MeIm and DMAP complexes did not turn orange. It cannot therefore be ruled out that 
the increased activity of the py complex is caused by complete or partial oxidation to a 
Co(II)/Co(III) species. However, it was observed that upon opening to air, the solution still 
darkened significantly to a brown/green colour (as did the DMAP and MeIm analogues), 
suggesting further oxidation occurs. Further studies (i.e. UV-Vis/magnetic measurements) are 
required to identify the cause of this slight colour change. The difference in activity of the 
MeIm and DMAP complexes still suggests the difference in donor ability is the major factor.   
All the complexes besides [L1Co2Cl2(py)] produced PCHC with molecular weight similar to 
that observed with I and III (5000-9000 g/mol, sometimes with a distinct bimodal 
distribution). MALDI-TOF analysis, of the copolymer produced by [L1Co2Cl3][HNEt3], 
revealed three species (see Fig. 4.20), one with the expected chloride end group, another 
corresponding to the elimination of the chloride from this series, and a third with a hydroxyl 
end group. The latter is produced by chain transfer reactions with trace amounts of water, and 
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situ ESI-MS showed nucleophilic co-catalysts (such as DMAP and MTBD) as polymer end 
groups, no evidence for this was observed using MALDI-TOF with any of catalysts 
[L1Co2Cl2(Nu)]. The increased copolymer molecular weights with the Co(pyridine) catalyst 
could be due to an increased rate of propagation; such an increase is consistent with the 
increase in activity. A greater rate of propagation relative to the rate of chain-transfer 
reactions could lead to an increase in the molecular weights, as the chains grow longer before 
a chain transfer reaction can occur. That this was not observed with I/III could be due to 
trace amounts of water present from the wet Co(OAc)2, which increased the amount of chain 
transfer agents. The increase in weight is therefore proposed to be due to the increase in rate, 
combined with a decrease in contaminating water introduced by the catalyst. As higher 
molecular weights were obtained with [L1Co2Cl2(py)], lower catalyst loadings were 
attempted to further increase the molecular weight. Loadings of 1:2000 and 1:4000 
(CHO:cat) were tried, giving very similar TOFs to the higher loading, the TON increased to 
1200 at 1:4000. The resulting copolymers showed similar distributions and molecular 
weights, although at the lowest loading the low intensity higher Mn series was not observed. 
This is in accordance with [L1Zn2(OAc)2], where decreasing the loading has not significantly 
increased the copolymer molecular weight. The catalysts were also tested under atmospheric 
CO2 pressure for activity with PO; however none was observed. 
 
4.4 Conclusions 
Direct substitution of zinc for cobalt in [L1MyXz] compounds produced new complexes 
including [L1Co2(OAc)2] (I), [L1Co3(OAc)4] (II), and a mixed valence Co(II)/Co(III) 
complex [L1Co2(OAc)2] (III). The complexes were characterised by magnetic measurements, 
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UV-Vis spectroscopy and in some cases X-ray crystallography. For the mixed valence 
complex III it appears the oxidation states are localised. The bimetallic complexes were more 
active than [L1Zn2(OAc)2], for the copolymerisation of CHO and CO2, with III producing 
PCHC with a maximum TOF of 500 h-1 at 1 atm CO2 pressure. The copolymer molecular 
weights were low; MALDI-TOF mass spectrometry showed there were significant chain 
transfer reactions with water. Concerns over the quantity of water present in the Co(OAc)2 
precursor led to the synthesis of cobalt halide complexes from CoX2, which is more readily 
available in anhydrous form. Analysis of the X-ray crystal structures revealed that the two 
cobalt metal centres showed a strong preference for octahedral coordination, usually achieved 
with a bridging halide ligand on the ‘upper’ face of the complex. The two axial coordination 
sites on the ‘bottom’ face were occupied by the X co-ligand and by a range of anionic and 
nucleophilic donors. The use of stronger nucleophilic donors, such as DMAP, significantly 
reduced the catalytic activity of the catalysts. The large reduction of activity by blocking one 
metal coordination site suggested a cooperative bimetallic mechanism might be occurring, 
and that it occurs predominantly on the ‘bottom’ face of the molecule, where steric crowding 
is reduced. A mechanism has been proposed for the copolymerisation of CHO and CO2 using 
these dicobalt complexes, and it is believed to be general for the bimetallic M(II)/M(II) 
complexes reported herein.  
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5.1 Introduction 
With the predicted depletion of oil stocks, as well as the damaging environmental impact of 
non-degradable plastics in landfill sites, there is a growing demand for new bio-renewable 
and bio-degradable polymers. Commonly used Polycarbonate (poly(oxycarbonyloxy-1,4 
phenylene isopropylidene-1,4phenylene), is produced by a polycondensation of bisphenol-A 
(a suspected carcinogen) and phosgene (a highly toxic and corrosive gas listed as a chemical 
weapon by the UN). Moreover, recently there have been reports that bisphenol-A can leach 
from the polymer over time, a significant problem for a polymer used (amongst other 
applications) in food packaging (e.g. babies’ milk bottles). The need to create less toxic and 
bio-renewable alternatives is obvious. The synthesis of PCHC from the copolymerisation of 
CO2 and CHO under low pressures (as detailed in previous chapters) is an important step 
towards this goal; however there are several problems which prevent the replacement of 
Polycarbonate with PCHC for widespread use. Whilst Polycarbonate has a high Tg (149 °C) 
and good tensile properties, making it ideal for engineering polymer applications,157 PCHC 
has significantly inferior properties: it has a lower Tg (~118 °C) and most importantly, is 
brittle.76, 77, 79 It would appear that if Polycarbonate is to be replaced with a new polymer from 
the copolymerisation of epoxides and CO2, then alternatives to CHO are required. There are 
two main strategies to address this problem: firstly, there are many other epoxides available 
(some of which are naturally occurring), that could yield polymers with more desirable 
properties,83, 86, 158 and secondly, terpolymerisations using more than one epoxide, or block 
copolymerisations using either another epoxide or another renewable monomer such as 
lactide, could offer more suitable materials.  
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5.2 Alternative Epoxides 
5.2.1 Propylene Oxide 
 
Scheme 5.1: Copolymerisation of PO and CO2, producing PPC and PC. 
 
 
 
Besides CHO, propylene oxide is the most widely studied epoxide for copolymerisation with 
CO2, and has been the focus of much recent attention.14, 67, 159-161 PPC has a significantly 
lower Tg (~42 °C) than PCHC and a high elasticity: it is a synthetic elastomer.69, 78 The 
copolymerisation of PO and CO2 was attempted with both [L1Zn2(OAc)2] and [L1Co2(OAc)3] 
(III), the most active zinc and cobalt catalysts developed using CHO. The copolymerisation 
of CHO produces almost entirely PCHC, as the cyclic carbonate by-product is disfavoured 
with alicyclic epoxides (due to strain between the two rings). However, using PO (and other 
aliphatic epoxides) the cyclic product (PC) is thermodynamically favoured, meaning that 
lower temperatures are generally required to favour the kinetic polymeric product.  
The two catalysts were initially tested in neat PO, at 25 °C and 1 atm CO2 in a Schlenk tube. 
Even after leaving the reactions for 48 hours, the 1H NMR spectra showed only unreacted 
PO. The solution of PO and III remained green at this temperature, and did not turn orange, 
which could suggest no coordination of PO occurred. The reaction was attempted at higher 
temperatures using a Parr reactor, (N.B. PO has a boiling point of 34 °C). The reaction was 
carried out at 60 and 80 °C under an initial pressure of 1 atm CO2 (this increased to 1.4 atm 
at 60 °C, due to the temperature rise and boiling of PO); however, no reaction was observed. 
The initial pressure was increased to 10 atm CO2 and the copolymerisation was attempted at 
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25, 60 and 80 °C. No reaction was found to occur at 25 and 60 °C, but after 24 hours at 80 
°C approximately 30 % cyclic carbonate was observed.  
 
5.2.2 Styrene oxide, butene oxide and limonene oxide 
 
Scheme 5.2: Attempted copolymerisation of styrene oxide to poly(styrene carbonate). 
 
 
 
Various other aliphatic epoxides, besides PO, have been tested for the copolymerisation. Of 
these, butene (BO) and ethylene oxide (EO) are the most commonly reported. As EO is a 
toxic gas, it was not attempted for safety reasons. Styrene oxide (SO) has received much 
attention for the coupling with CO2 to produce cyclic styrene carbonate (SC), a very high 
boiling solvent (b.p. >300 °C). The introduction of aromatic functionality, even as a side 
chain substituent, to polycarbonates synthesised from CO2 could greatly increase the thermal 
stability, crystallinity and range of applications. However, the copolymerisation of SO with 
CO2 has not yet been reported, although it has been attempted unsuccessfully.162 The 
copolymerisation was attempted under 1 atm CO2 at 0.1 mol % loading of III. As SO has a 
boiling point of nearly 200 °C, it was attempted at a higher temperature (80 °C) than PO. 
After an hour, the green solution turned orange, suggesting that coordination/insertion of SO 
with III had occurred. After 24 hours, the 1H NMR spectrum of the crude reaction mixture 
showed approximately 50 % conversion of SO to SC, with no evidence of any copolymer 
formation.  
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Scheme 5.3: Attempted copolymerisation of 1,2-butene oxide and CO2. 
 
 
 
1,2-Butene oxide, which produces a copolymer with a higher Tg than that of PPC,80 was also 
tested, both at 1 and 10 atm CO2. At 50 °C and 1 atm CO2 only trace amounts of 1-butene 
carbonate (BC) were formed after 24 hours using III. At 10 atm, BC was produced in 25 % 
conversion in 24 hours at 50 °C. No polymer was produced under any conditions. 
 
Scheme 5.4: Attempted copolymerisation of (+)-limonene oxide. 
 
 
 
Limonene oxide, which is easily synthesised from limonene (a natural product isolated from 
the peel of citrus fruit), is an alicyclic epoxide similar to cyclohexene oxide, and as such 
should favour polycarbonate production over cyclic carbonate. It is also commercially 
available. Only one report has been published on the copolymerisation of limonene oxide and 
CO2 in which PLC produced with a low TOF of 40 h-1 and a highest Mn of 10,800 g/mol at 25 
°C (little or no activity was observed outside of 25-45 °C).86 The copolymerisation of (+)-LO 
(mixture of cis/trans) and CO2 was attempted with III at 35 and 80 °C under 1 atm CO2 
pressure. At both temperatures, after 24 hours 1H NMR spectroscopy showed only starting 
material, with no cyclic or polymeric products. Whilst the reaction turned orange at 80 °C, at 
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35 °C the reaction solution remained green, suggesting that as with other epoxides, no 
coordination/insertion was observed at lower temperature. As the colour change indicated 
insertion could have occurred at 80 °C, the reaction was attempted at 80 °C under 10 atm 
CO2. Once again only starting material was observed in the 1H NMR spectrum. It was 
therefore concluded that whilst III appears capable of epoxide coordination/insertion with 
LO, it is inactive for copolymerisation. 
  
5.3 Discussion 
5.3.1 Epoxide Reactivity 
Cobalt catalyst III, whilst extremely active for the copolymerisation of CHO and CO2, 
particularly under low pressures, appears to be inactive for the copolymerisation of other 
common epoxides. The difference in reactivity between the epoxides can be explained by the 
steric differences of the substituent groups and the difference in stability of cyclic carbonates 
with alicyclic and aliphatic epoxides. The relative instability of cyclic carbonates from 
alicyclic epoxides is well documented; high ring strain in the bicyclic system means that the 
activation energy is significantly higher than with aliphatic epoxides.15 Alicyclic CHO has 
substituents on each of the epoxide carbon atoms, and is thus the most sterically hindered of 
the epoxides tested. It is therefore the easiest to ring-open; this can be seen by the lower 
activation barrier to polycarbonate production of CHO compared to PO: 48 kJ mol-1 c.f. 68 kJ 
mol-1 with chromium salen complexes).15 It is readily ring-opened by III and the other 
catalysts developed, under low pressure and at temperatures as low as 40 °C (although 
activity is significantly increased at higher temperature), producing almost entirely 
polycarbonate. In contrast, PO, BO and SO are all aliphatic epoxides, and as such are not as 
strained and are in general less easy to ring-open. A clear order of reactivity can be observed 
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with these epoxides – the most sterically bulky (SO) is easiest to ring-open (producing SC 
under 1 atm CO2 in up to 90 % conversion). BO is less bulky than SO but bulkier than PO, 
and under 1 atm CO2 at 60 °C shows very low conversion to cyclic BC. PO is the least bulky 
and also the least reactive of the aliphatic epoxides with III; 80 °C and 10 atm CO2 were 
required to produce even a small amount of PC. The ease of ring-opening with SO could also 
be due to the promotion of substitution reactions at the benzylic position; this is normally 
rationalised by stabilisation of the negative charge in the transition state by the aryl ring. LO 
proved to be the least reactive of all the epoxides towards III, showing no reaction at all, 
even under elevated pressures. This is also observed with other catalysts, as the only reported 
copolymerisation of LO and CO2 used zinc-BDI catalysts (highly active with CHO) 
producing PLC with low activities and under high catalyst loadings (0.4 mol %). In this case, 
perhaps the extra steric bulk of the epoxide hinders the ring opening step.  
 
5.3.2 Reversible Initiation 
 
Scheme 5.5: Cartoon of proposed equilibrium for the ring opening of epoxides using III. 
 
As discussed in Chapter 4, it was observed that III, which is olive green, turns orange at 
higher temperatures in epoxides, and that this happens slowly at lower temperatures 
(conditions under which it shows lower activity than I). It was therefore suggested that a 
coordinative rearrangement occurs in the ring-opening insertion step, which is responsible for 
this colour change (no colour change was seen for the dicobalt(II) complex I).  The proposed 
rearrangement appears to require higher temperatures to occur. It was observed with PO that 
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at higher temperatures (80 °C) the solution also turns orange (even though no copolymer or 
cyclic carbonate was formed); however upon cooling the solution returned to its original 
green colour. It therefore appears that the rearrangement/insertion step thought to be 
responsible for the colour change is an equilibrium that largely favours the starting materials 
at low temperatures (see Scheme 5.5). The reversibility of this colour change was not 
observed with CHO, presumably because subsequent propagation reactions take place. 
It is worth noting that a colour change of this magnitude would be unusual for a simple 
change of the coordination environment, even involving a rearrangement. Another possible 
explanation is provided by the UV-Vis, magnetic and X-ray data that showed the complex 
consists of one high spin d7 Co(II) site and a low spin Co(III) d6 site at low temperatures. 
Low spin d6 complexes such as Co(III) which have no unpaired electrons are substitutionally 
inert, and therefore slow to react; however, it is possible at high temperatures the Co(III) 
centre to undergoes a spin-crossover and adopts a high spin d6 arrangement.163 Such a spin-
crossover would be likely not only to have a significant change on the absorption of the 
complex, changing the observed colour from green to orange, but also on the reactivity, as the 
inert low spin centre is switched to a reactive high spin centre. This could also account for 
both the observed colour change and the increased activity of III under higher pressures, as 
well as the return to the original colour at lower temperatures as the spin-crossover reverses. 
A di-iron(III) (high spin) complex of the same ligand prepared by another member of the 
group showed similar colour changes upon reaction with CHO/CO2. High spin d5 iron(III) 
cannot undergo a spin-crossover, as these always occur from lower energy low-spin to high-
spin. The actual cause of the colour change is not definitely known at this time, however 
magnetic measurements (using Evans method) or the use of EPR spectroscopy should show if 
a spin-crossover is occurring. 
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The failure of III to produce any polycarbonate with epoxides other than CHO is therefore 
attributed to two factors. Firstly, the colour changes observed with III either suggest that the 
insertion process is reversible or that a reversible spin-crossover (which increases the 
reactivity of Co(III)) takes place, and therefore higher temperatures are required to produce 
high reactivity. Secondly, aliphatic epoxides are readily converted to cyclic carbonates (the 
thermodynamic product) at higher temperatures and therefore the conditions under which III 
successfully ring-opens aliphatic epoxides heavily favour cyclic carbonate formation. Whilst 
this equilibrium can be readily observed by a colour change with III, there is good reason to 
believe that the initiation step is in equilibrium for all the catalysts. A test of the activity of I 
with PO was run at 40 °C and 10 atm CO2 to establish whether reactivity could be observed 
at lower temperatures, favouring polycarbonate production. Once again, no polymer or cyclic 
carbonate was produced under these conditions. As this and [L1Zn2(OAc)2] were both 
inactive towards aliphatic epoxides, at lower temperatures, it might suggest the equilibrium 
exists for these complexes too. The reversibility of this initiation step has been previously 
documented for both salen and Zn BDI catalysts.32 , 55 
The best evidence that the insertion step is in equilibrium for these complexes was found 
using the trifluoroacetate analogue of [L1Zn2(OAc)2], synthesised by an MSc student working 
with me on this project. The initiation reaction was probed by using 19F NMR spectroscopy. 
Like [L1Zn2(OAc)2], the 1H and 19F NMR spectra of [L1Zn2(O2CCF3)2] showed the presence 
of various diastereoisomers at room temperature, with broadened and complicated spectra. 
However, using d4-methanol as the NMR solvent sharpened the spectrum significantly, 
presumably due to increased hydrogen bonding locking the coordination geometry. In CDCl3, 
three resonances were observed, in the 19F NMR spectrum, whilst only one was observed in 
d4-methanol.  
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Figure 5.2: 19F NMR spectra of [L1Zn2(O2CCF3)2] in CHO against CDCl3. (a) [L1Zn2(O2CCF3)2] in CHO at 25 
°C (b) [L1Zn2(O2CCF3)2] in CHO after heating at 70 °C overnight and (c) after bubbling CO2 into solution for 1 
hour.  
 
[L1Zn2(O2CCF3)2] was dissolved in CHO and placed in an NMR tube with CDCl3 sealed 
inside a capillary tube, giving several resonances between -75 to -77 ppm at 25 °C ((a), Fig. 
5.2). Upon heating to 70 °C for 16 h, a small series of peaks were observed at approximately 
-83 ppm (b), which disappeared upon cooling the solution. CO2 was bubbled into the solution 
and the vessel heated to 70 °C for 1 hour, which resulted in only one major peak being 
observed (c). This single resonance was proposed to be due to the propagating species, with 
the copolymerisation occurring on introduction of CO2. This was supported by the notion that 
the different stereoisomers of the catalyst no longer effect the environment of the CF3 group 
once initiation has occurred, and the trifluoroacetate group is on the end of a PCHC chain. It 
could also be due to anionic trifluoroacetate, resulting from the removal of trifluoroacetate 
from the metal centre, as ammonium trifluoroacetates have also been reported with 19F NMR 
shifts of -76 ppm.164 
As there are several peaks in the 19F NMR spectrum of [L1Zn2(O2CCF3)2] in CHO to start 
with, this does not present conclusive proof of an equilibrium; for example, these peaks could 
(a) (b) (c) 
Chapter 5 
Synthesis of Novel Polymers 
 
174 | P a g e  
 
be the result of insertion reactions or various diastereoisomers of the complex. However, the 
appearance and disappearance of a small set of peaks, at high temperatures, does suggest a 
thermal equilibrium. This is tentatively assigned to the ring opening of CHO.  
 
5.3.3 Future Directions: Other Epoxides 
As discussed in Chapter 1, several catalysts have been developed which allow the conversion 
of PO to PPC under higher temperatures; these all utilise steric bulk and highly functionalised 
substituents to prevent formation of cyclic carbonates.11, 12, 14, 66, 69, 160 Cationic substituents 
have been used to stabilise the dissociated anionic growing polymer chain and prevent back-
biting reactions. This has been accomplished using ammonium cations to protonate the 
dissociated polymer chain, or by using neutral arms on bulky salen catalysts to prevent 
decomposition of the Co(III) catalysts to Co(II) species (which have been shown to be active 
for the coupling of epoxides and CO2). It is clear from the X-ray crystal structures that 
complexes of the reduced Robson’s macrocycles have two ‘open’ faces with little steric bulk 
to prevent the back biting process that produces cyclic carbonate. They also lack ionic 
substituents to disfavour it. Therefore complexes using this ligand do not possess the 
necessary attributes to enable high selectivity for polycarbonate formation with aliphatic 
epoxides under higher temperatures. Although various attempts to functionalise the ligands 
were attempted (e.g. by alkylating the amine donors), and proved unsuccessful, the attempts 
were by no means exhaustive. The addition of one or more functionalised substituents would 
be desirable to investigate substituent effects on by-product formation. The development of 
new ligands represents the best option for increasing the selectivity of the catalysts for 
polycarbonate formation, either by increase of the steric bulk around the reaction centre or by 
introducing functionalised substituents.  
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Figure 5.3: Potential substitutions to increase selectivity of H2L1 complexes with aliphatic epoxides. 
 
 
5.4 Terpolymerisations with CHO, CO2 and Other Epoxides 
5.4.1 Introduction 
 
Scheme 5.6: Terpolymerisation of CHO and other epoxides. i) Cat, CO2. 
 
 
 
Whilst PCHC has a high Tg and desirable thermal properties, it is brittle (possessing an 
elongation at break of 1.1-2.3 %) which limits its applications.79 In contrast PPC is very 
elastic and has an elongation at break of 600-1200 %), with a low Tg of 40 °C. In order to 
overcome the limitations of the two copolymers, several groups have recently reported the 
terpolymerisation of CHO with PO or other aliphatic epoxides, with the aim of producing 
new materials with increased elasticity and intermediate glass transition temperatures.66, 69, 80 
It has been observed in these studies that epoxides which are usually unreactive with a certain 
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catalyst can still be incorporated into a terpolymer by using an epoxide that is active with that 
catalyst. In fact, it has been observed that a catalyst inactive with CHO can copolymerise 
CHO and CO2 in the presence of trace amounts of PO.160 Therefore the terpolymerisation of 
CHO and other epoxides was attempted using III, even though the catalyst was inactive for 
the copolymerisation of aliphatic epoxides.  
 
5.4.2 Attempted Terpolymerisation of CHO with LO and SO 
 
Scheme 5.7: Attempted terpolymerisations of CHO and SO/LO. i) III (0.2 mol %), 80 °C, 1 atm CO2, 24 hours. 
 
 
 
The terpolymerisation of CHO was attempted using the more rigid LO and SO, as the 
successful terpolymerisation of these epoxides would be expected to yield a terpolymer with 
a high Tg. At 80 °C, 1 atm CO2 and a loading of 500:500:1 (CHO:X:III), the 
terpolymerisation of CHO/SO and CHO/LO was investigated. After 24 hours, the crude 
products were analysed by 1H NMR spectroscopy, which revealed that the terpolymerisation 
with LO was unsuccessful, as only PCHC and unreacted limonene oxide were observed. 
Approximately 85 % conversion of CHO to PCHC was observed, with no ether linkages or 
cyclic carbonate, suggesting that unlike [L1Zn2(OAc)2], III does not lose activity or 
selectivity when a solvent is used (although this reaction was run at a higher catalyst loading). 
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The reaction with SO showed 96 % conversion of SO to cyclic SC, and complete conversion 
of CHO to PCHC. Cyclic carbonates might be good solvents to facilitate 100 % CHO 
conversion. It is clear that III is capable of reacting with both CHO and SO simultaneously, 
but even with the presence of a growing PCHC chain, SO was not incorporated into the 
copolymer nor did it form any copolymer with CO2. 
 
5.4.3 Terpolymerisation Conditions: CHO, PO and CO2 
Scheme 5.8: Possible structures from terpolymerisation of CHO, PO and CO2. i)  III (0.2 mol %), 60 °C, 10 
atm CO2, 24 h. 
 
A copolymerisation was attempted using CHO and PO, with III as a catalyst, under 10 atm 
CO2 (as no reaction at all was observed with III/PO at 1 atm). The reaction was first 
attempted at 60°C for 24 hours, in order to reach a compromise between the reactivity of the 
catalyst and the selectivity. At 500:500:1 (CHO:PO:III), the 1H NMR spectrum of the crude 
product showed that PCHC and PPC were both produced, whilst some cyclic PC was also 
produced. 1H NMR spectroscopy showed 12 % PO conversion to PPC/PC (67 % of which 
was converted to PPC) and 24 % conversion of CHO to PCHC, giving an overall TON of 176 
and a TOF of 7.3 h-1. It was not possible using 1H NMR spectroscopy to suggest whether the 
PPC and PCHC were combined to give a terpolymer, or two discrete copolymers.  
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Table 5.1: Terpolymerisation reactions of PO, CHO and CO2 using III. 
PO:CHO:cat T 
(°C) 
TON 
a 
TOF  
(h-1)a 
% Select. 
(PO) 
PO/CHO 
conv.b 
PO:CHO 
incorp.b 
Mnc 
(g/mol) 
PDIc 
500:500:1 60 176 7.3 67% 12/23 1:7 6600/2300 1.06/1.23 
1000:1000:1 60 748 31.2 80% 20/55 1:6 13500/6400 1.04/1.09 
1000:1000:1 70 444 74 75% 17/43 1:5 11400/5000 1.04/1.12 
1000:1000:1 80 936 312 72% 30/64 1:5 18200/8100 1.05/1.10 
2000:2000:1 80 1382 58 69 % 24/46 1:11 6500 1.22 
1500:1000:1 80 741 185 85% 18/47 1:5 25500/11400 1.04/1.07 
1500:500:1 80 925 205 77% 36/77 1:2 32500/11900/
5300 
1.02/1.07 
/1.01 
All polymerisations run under 10 atm CO2. a) moles epoxide consumed per mol catalyst (per hour for TOF), 
determined by conversion of each epoxide by 1H NMR spectroscopy. b) Determined by 1H NMR spectroscopy 
by relative integrals of polycarbonate methine protons (PCHC: 4.65, PPC: 4.92, 4.1 - 4.2 ppm, see Fig. 5.4) 
against the methine protons of the unreacted epoxides (CHO: 3.1, PO: 3.0 ppm). c) determined by GPC using 
THF as an eluent against narrow polystyrene weights.  
 
As the consumption of PO was approximately 50 % lower than CHO, (and approximately 
30% of that produced PC), it seems unlikely that an alternating terpolymer was formed. A 
random  terpolymer or block copolymer comprised mainly of CHO units could have been 
formed. The production of a block copolymer or the production of two independent 
copolymers would appear most likely, as the reactivity of the catalyst with the two epoxides, 
and therefore their consumption, differs dramatically. The lack of activity of III with PO, 
probably due to the kinetics of the initiation step, could be overcome if CHO was first 
opened, allowing PO to be inserted into the resulting carbonate species, producing PPC 
segments in the chain. Similarly, if PO were successfully opened, the more reactive CHO 
would be more likely to be the next monomer incorporated, inserting PCHC units into a PPC 
chain. Either of these processes would produce a block/random copolymer. The synthesis of 
two distinct polymers is less likely, but could occur if (as is the case) one epoxide reacts 
much faster than the other. Several variations of the catalyst loading and reaction temperature 
were attempted in order to assess the activity of the catalyst and the nature of the product 
under different conditions (Table 5.1, above). 
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this reduced loading. At 1000:1000:1 loading, the CHO:PO incorporation was constant at 
~6:1, independent of the conditions, which shows that the product cannot be a completely 
alternating terpolymer. The molecular weights, using equal loadings of PO/CHO, generally 
rose with conversion, with the exception of 2000:2000:1 loading, where a bimodal 
distribution was observed with a higher molecular weight portion at approximately 20,000 
g/mol.   
The loading of PO relative to CHO was increased to 1500:1000:1 and 1500:500:1 
(PO:CHO:III) giving a noticeable increase in PO incorporation, particularly at 1500:500:1 
where 1:2 (PO:CHO) incorporation was observed. The reduced reactivity of PO with III can 
clearly be observed by the low incorporation of PO despite a 3:1 loading compared to CHO. 
Approximately 80 % PPC selectivity was observed in both cases. Decreasing the CHO 
loading appeared to increase the molecular weight, giving a bimodal distribution with 
molecular weights of 25,500 and 11,400  g/mol at 1500:1000 and a trimodal distribution of 
32,500, 11,900 and 5300 g/mol at 1500:500. Such bimodal molecular weight distributions 
suggest that the product could be a mixture of two discrete copolymers, although it is notable 
that a bimodal distribution was normally observed for PCHC (especially at higher 
temperatures), so a random terpolymer was not ruled out.  
 
5.4.4 Polymer Analysis 
The MALDI-TOF analysis of the copolymer from run 2 (see Fig. 5.5) showed a large number 
of peaks, making structural assignments difficult, especially as the polymer was difficult to 
ionise and gave a low resolution spectrum. Using the equipment available at the National 
Mass Spectroscopy Service Centre in Swansea, MALDI-TOF is generally reliable and 
accurate for polymers between Mn = 1000-8000 g/mol; therefore the spectrum was expected 
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to be significantly, if not wholly, composed of the lower molecular weight fraction. The 
complexity of the spectrum was consistent with either a random terpolymer or two distinct 
copolymers. For a random terpolymer, there are a large number of possible combinations of 
PO/CHO incorporation, which would lead to many different peaks and series. More distinct 
series might be expected for two independent copolymers; however, III was shown produce 
three polymer series with CHO, and it is also possible that the same chain transfer reactions 
occur. If chain transfer occurs then multiple series could be expected for each copolymer, 
producing a complex spectrum.  
 
 
Figure 5.5: MALDI-TOF spectrum of terpolymerisation product from 1000:1000:1 (PO:CHO:III), 60 °C, 10 
atm CO2, 24 h.  
 
 
In the spectrum, five series of peaks were identified that are separated by between 101-102 
mass units (e.g. m/z = 5669.9 - 5770.5, 5751.7 - 5852.8 and 5407.1 - 5507.6), a difference 
which corresponds to the PPC repeat unit. This suggests that some of the products in the 
lower weight fraction are mainly composed of PPC, otherwise repeat units of 142 
(corresponding to PCHC) would be observed. In fact, two of these PPC series can be 
assigned: the peak at m/z = 5751.7 is very close to the expected weight for 55 repeat units of 
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PPC with acetate and hydroxyl end groups (red dots, Fig. 5.5), whilst the peak at m/z = 
5507.6 is equivalent to 53 PPC repeat units and two hydroxyl terminated groups (purple 
diamonds). The other three series cannot be unambiguously assigned as the end group masses 
do not correspond to any obvious terminal units. Some of the values are close to the masses 
expected for the incorporation of several PCHC repeat units at the start of the chain; this and 
the fact that so many series are observed suggests that although these low weight polymers 
appear to be predominantly PPC, some CHO incorporation has occurred. This is more likely 
to happen at the initiation stage, producing low Mn PCHC from which PPC chains could 
grow, as in the absence of CHO no PPC is generated at this temperature. It is interesting that 
PPC chains with acetate end groups are observed, showing that III can initiate PPC 
polymerisation; the presence of CHO appears to inhibit the cyclic backbiting reaction usually 
observed at 80 °C, allowing only 20-40 % cyclic carbonate production.  
Previously, the PCHC copolymers produced were of insufficient weight for precipitation (by 
addition of methanol to a DCM solution). However, as the polymers produced in the 
terpolymerisation showed molecular weights up to 32,000 g/mol, precipitation became a 
suitable technique for separation of the lower and higher weight series, in order to further aid 
identification. The polymer produced by run 7 (Table 5.1) was dissolved in DCM and 
precipitated by addition of methanol. Filtering this solution produced a white polymer, whilst 
the coloured catalyst remained in solution. GPC analyses of the two polymers revealed that 
the lowest weight series (5300 g/mol) remained in solution and was completely removed 
from the precipitate, which showed a bimodal distribution of 27,000 and 11,700 g/mol (see 
Fig. 5.6). The solution contained a bimodal distribution of 24,100 and 5400 g/mol, although 
the intensity of the lower weight fraction was much higher, suggesting the majority of the 
higher weight fraction was successfully removed from the solution.  
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Figure 5.6: Overlaid GPC chromatograms of precipitated polymer (blue) and solution (red). 
 
 
 
1H NMR analysis of both the isolated and dissolved polymer fractions revealed the same ratio 
of PCHC and PPC peaks: approximately 2:1. Combined with the MALDI-TOF analysis, it 
appears that the terpolymerisation is uncontrolled, producing a mixture of copolymer, cyclic 
PC and random terpolymer products with a large variation in molecular weights and 
structures. Compared to the most recent terpolymerisation catalysts, which report the 
controlled alternating terpolymerisation of PO and CHO with TOFs up to 10,000 h-1 and 
weights of 200,000, III showed poor activity, control and low molecular weights.80 This is 
not surprising given the lack of activity of these catalysts towards PO, whereas the reported 
highly functionalised terpolymerisation catalysts are extremely active for PO/CO2 
copolymerisation.   
 
5.5 Copolymerisation of CHO and rac-Lactide 
5.5.1 Introduction 
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Scheme 5.9: Block copolymerisations of CHO/CO2 and rac-lactide. 
 
 
An alternative to the development of new polycarbonates is the incorporation of other 
renewable monomers, such as lactide, into new copolymers.98, 101-103, 165 This is expected to 
increase the percentage of the polymer derived from renewable materials and also opens up 
further possibilities for altering polymer properties. Given the poor activity shown by the 
bimetallic catalysts for the copolymerization of other epoxides, copolymerisation with lactide 
could be a suitable route; it is also potentially an interesting way of using the low molecular 
weight polycarbonate. There are two methods to incorporate other monomers into 
polycarbonates. Firstly, direct (one pot) copolymerisation/terpolymerisation reactions, in 
which the same catalyst is used for each polymerisation can produce either an alternating 
terpolymer or a block copolymer (Scheme. 5.9). Secondly, sequential polymerisation 
reactions can be carried out, in which one polymer is formed and isolated first, before being 
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used as a macro-initiator for the second polymerisation. These reactions lead to di- or triblock 
copolymers, depending on the number of linkage sites available on the primary polymer. 
There has only been one previous report on the terpolymerisation of lactide/epoxide/CO2 (see 
Scheme 5.9, top), and this used a zinc-BDI catalyst that was known to be active for both 
polymerisations.102 Poor activities and in some cases up to 15 % ether linkages were 
observed. Another member of the Williams’ group tested both [L1Zn2(OAc)2] and III as 
initiators in the ring-opening polymerisation of lactide, but the two complexes proved to be 
inactive. Also, the terpolymerisation of CHO, CO2 and lactide was attempted with 
[L1Zn2(OAc)2] and III, but proved unsuccessful. The block copolymerisation of low 
molecular weight PCHC and lactide was therefore considered (see Scheme 5.9, bottom).  
 
5.5.2 Synthesis of PCHC with Di-Hydroxy End Groups 
O
O O O
O
HO
OH
O
OHHOi)
n
 
Scheme 5.10: Copolymerisation of CHO and CO2 using ethylene glycol as a chain transfer agent. i) III (0.1 mol 
%), 1 atm CO2, 80 °C. 
 
MALDI-TOF MS analysis of the various copolymers produced by [L1Zn2(OAc)2] and III 
showed multiple end groups. The ring-opening polymerisation (ROP) of lactide is commonly 
initiated by a metal alkoxide or a nucleophile.20 Thus, hydroxyl end-capped polymers can be 
used as precursors to metal alkoxides, or the polymers can be deprotonated to yield 
nucleophiles for use as initiators for lactide ROP. If the mixture of PCHC chains, with 
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different end groups, were to be used, then a mixture of tri-block and di-block copolymers 
would be produced as the di-hydroxy, end-capped copolymer could react from both ends, 
whilst polymers with acetate or alcohol end groups would only react from the one hydroxy 
end-group. The replacement of  the alcohol and OAc end groups with OH was therefore 
required for the controlled synthesis of a tri-block copolymer. In this case, the ability of 
alcohols to act as chain transfer agents could be used to deliberately functionalise the end 
groups with a diol (such as ethylene glycol), to produce a polymer with two hydroxyl end 
groups. This is preferable to the use of water, which can inhibit lactide polymerisation.  
 
 
Figure 5.7: MALDI-TOF MS spectra of polymer produced using 10 equivalents EG. 
 
Chapter 5 
Synthesis of Novel Polymers 
 
187 | P a g e  
 
The reaction was initially attempted with 25 equivalents of ethylene glycol (EG) in order to 
ensure sufficient chain transfer to produce two EG end groups. However, after 6 hours the 
viscosity of the solution did not increase significantly. GPC of the crude material was carried 
out, but no polymer was observed. This suggests either high ratios of EG (to III) hinder 
copolymerization, or that too much chain transfer occurred. Loadings of five and ten 
equivalents of EG were therefore attempted. With five equivalents, little difference was 
observed in the polymer to that normally produced by III, with GPC showing two polymer 
series of 7300 and 3100 g/mol. MALDI-TOF MS showed the presence of the regular end 
groups, plus a series with one EG end group. Using ten equivalents proved more successful. 
GPC analysis showed the molecular weight was lowered to 2000 (PDI - 1.22), whilst 
MALDI-TOF analysis showed three polymer series that were identified as the dihydroxy end 
capped series (A, Fig. 5.7), a mono-EG end capped series (B) and the di-EG end capped 
series (C). 
Even though three polymer series were defined, all three series featured two hydroxyl end 
groups. It was therefore possible to initiate the ring-opening polymerisation of lactide from 
both ends on each polymer series, allowing controlled molecular weights to be attained. 
 
5.5.3 Tri-Block Copolymerisation of PCHC and rac-lactide  
The tri-block copolymerisation from the low weight PCHC chains was attempted, using an 
yttrium amide initiator (1, Scheme 5.11) previously reported by the Williams group to be 
both highly active and very controlled for the ROP of lactide.166 The complex was active by 
itself, however the bulky amide initiating group produced higher molecular weight polymers 
than predicted, suggesting not all the amides successfully initiated polymerisation. The 
addition of an alcohol (e.g. iPrOH) to generate an yttrium alkoxide, in-situ, gave much more 
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controlled polymerisation. Based on this procedure, the use of PCHC chains as a 
macroinitiator (essentially acting as a large diol), to generate an alkoxide initiator, was 
therefore attempted (Scheme 5.11).  
 
Scheme 5.11: Block copolymerisation of PCHC with lactide. i) 1 (2 equiv.), lactide (200 or 400 equiv.), THF, 
25 °C, 5 mins. 
 
 
The block copolymerisation was attempted using 100 and 200 equivalents of rac-lactide (50 
and 100 per end) and 1 in THF. After 5 minutes, the solution was highly viscous and stirring 
stopped. The reaction was quenched by precipitating the polymer and any unreacted lactide 
with hexane. 1H NMR analysis of the crude product showed peaks corresponding to 
polylactide and to PCHC, and showed 90-95 % conversion of lactide (the viscosity 
preventing complete conversion – see Fig. 5.10, 5.5.4). The product was analysed by GPC, 
which showed a unimodal distribution, giving molecular weights of 30,400 and 16,500 g/mol 
for 200 and 100 equivalents, respectively, with PDIs of 1.5 in both cases. Importantly, no low 
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molecular weight peaks were observed, signifying the complete consumption of PCHC into 
the block copolymer (see Fig. 5.8).  
 
Figure 5.8: Overlaid GPC traces of PCHC (Mn = 2000 g/mol) and PLA-PCHC-PLA (Mn = 30,400 g/mol). 
 
5.5.4 Block Copolymerisation: Lactide and Di-Hydroxyl End Capped PCHC 
Although the successful block copolymerisation of lactide and PCHC was carried out using 
low molecular weight EG end-capped PCHC, the block copolymerisation using higher weight 
PCHC chains was desired to alter the properties substantially from PLA. Another member of 
the Williams group showed, by MALDI-TOF MS, that the copolymer produced by 
[L1Zn2(OOCCF3)2] (see 5.3.2) was unimodal and a di-hydroxyl terminated copolymer. It was 
thought that this was caused by the introduction of small amounts of water into the reaction 
mixture from the zinc precursor Zn(OOCCF3)2.xH2O. Most interestingly, a variety of 
molecular weight polymers were produced with Mn = 2000 – 9100 g/mol, allowing for chain 
length variation of the central PCHC core. The block-copolymerisation with lactide was 
attempted using a PCHC chain of 9100 g/mol, and 400 equivalents of rac-lactide. GPC 
analysis of the product again showed a unimodal distribution, giving a molecular weight of 
51,000 g/mol with a PDI of 1.30, considerably narrower than observed using the EG 
terminated polymer. This suggests that the three series present in that polymer react at 
Chapter 5 
Synthesis of Novel Polymers 
 
190 | P a g e  
 
different rates, even though they all contain OH end groups which are in relatively similar 
environments.   
 
Figure 5.9: Overlaid GPC traces of PCHC (Mn = 9100) and PLA-PCHC-PLA (Mn = 51,000 g/mol).  
 
 
On analysis of the 1H NMR spectra, the methine proton from the terminal lactide unit (Hd) 
could be assigned to a resonance at 4.2 ppm.167 The resonance at 4.35 ppm, which showed an 
integral equal to that of Hd, was therefore assigned as the methine proton in the linking 
lactide units (Hb). Relative integration of Hc and Hd was used to determine the number of 
repeat units and, therefore, estimate the molecular weight of the lactide portion. The PCHC 
molecular weight (as determined from the 1H NMR spectrum of the initial copolymer) was 
then added to this figure to give the total molecular weight. The molecular weight for PCHC 
was estimated from the 1H NMR spectrum by integration of the methine resonances of the 
carbonate and hydroxyl end units. Estimation of the molecular weight of PCHC by 1H NMR 
was not possible when multiple end groups were present, as the difference in the integrals of 
the end groups would be due to differing chain lengths as well as the proportion of each end 
group present. The NMR estimates were slightly lower than those estimated by GPC using 
polystyrene standards (see Table 5.2).  
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Table 5.2: Block copolymerization reactions of di-hydroxyl terminated PCHC and lactide. 
a) Determined by Gel permeation chromatography using THF as an eluent, agains narrow polystyrene 
standards. b) Determined by relative integrals of methine protons Ha and Hb in the 1H NMR spectrum (Fig. 3.7) 
c) Determined by relative integrals of polylactide vs. unreacted lactide in 1H NMR spectrum. d) Determined by 
relative integrals of PLA methine protons (Hc, Fig. 5.9) and PLA terminal methine groups (Hd) using 1H NMR 
spectroscopy, plus NMR estimated molecular weight of PCHC copolymer.  
 
As well as variation of the rac-lactide loading (entries 1-3), the use of lower weight PCHC 
chains (6000 and 2500, entries 3, 5 and 6) was studied. The use of L-lactide was investigated 
(entries 4 and 7, c.f. 3 and 6 respectively) on two runs, in order to compare the effect a more 
crystalline polymer has on properties such as Tg. In all these cases between 90 and 97 % 
lactide conversion was observed, and the polymerisations were complete within 5 minutes. 
Polydispersities between 1.28 and 1.40 show the reaction to be well controlled, suggesting a 
greater degree of control when all the end groups are identical. 
 
5.5.4 Altering Lactide Loading with PCHC (Mn = 9100) 
Using 100, 200 and 400 equivalents of rac-lactide and PCHC (Mn = 9100 g/mol), three 
polymer chains with molecular weights of 17,300, 23,500 and 51,000 g/mol respectively 
were detected by GPC. It is notable that the Mn values obtained by GPC for polylactide 
require a correction factor of 0.58.166 So far, the correction factor for PCHC is unknown. 
Therefore, it was expected that the Mn values determined by GPC would vary considerably 
Entry Mn PCHC 
(GPC)a 
Mn PCHC 
(NMR)b 
Lactide 
equiv. 
% lactide 
conv.c 
Mna 
(GPC) 
PDIa Mnd 
(NMR) 
1 9000 6000 400(rac) 96 51,000 1.30 41,200 
2 9000 6000 200(rac) 91 23,500 1.33 16,000 
3 9000 6000 100(rac) 95 17,300 1.34 16,100 
4 9000 6000 100(L,L) 90 20,100 1.38 10,500 
5 6000 4500 200(rac) 96 37,700 1.28 17,200 
6 2500 2000 200(rac) 95 44,900 1.30 18,000 
7 2500 2000 200(L,L) 97 40,800 1.37 22,000 
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depending on the polymer composition. Accordingly, the molecular weight was also 
calculated based upon relative integrals of PLA end groups, as observed in the 1H NMR 
spectra, as described above (see Fig. 5.8). The three molecular weights calculated by this 
method were correspondingly 16,100, 16,000 and 41,200 g/mol. All the Mn values 
determined by GPC were considerably higher than those by NMR, as would be expected if 
the copolymers behave as PLA. The terpolymer produced using 200 equivalents showed a 
considerably smaller weight than expected by both 1H NMR and GPC; this can partly be 
explained by the slightly lower conversion, but the difference is considerably greater than the 
difference in conversion. This result is therefore slightly anomalous. Comparion of the 
integrals of the PLA chain and end group resonances in the 1H NMR spectra of these three 
terpolymers suggested the PLA chains at each end were equivalent to 50-75 % of the 
expected length (based on conversion of lactide). This suggests that some homopolymer PLA 
could have been produced as a by-product, although no low weight polymer was observed 
using GPC. 
 
5.5.5 Effect of Altering PCHC Chain Length 
Using 200 equivalents of lactide, (in order that the effect of differing the PCHC chain length 
on the polymer properties might be examined), copolymers were synthesised using PCHC 
chains with molecular weights of 2500 and 6000 g/mol (entries 6 and 5), giving polymer 
weights of 44,900 and 37,700 g/mol (GPC) respectively. The weights calculated by 1H NMR 
spectroscopy were 17,200 and 18,000 g/mol. Once more, the GPC values were found to be 
significantly inflated when compared to the NMR estimates. With a smaller PCHC core this 
effect appeared even more exaggerated. This suggests the polymers behave more like PLA 
the shorter the PCHC core is. Comparison of the relative integrals of resonances 
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corresponding to the core chain and end groups again suggested the two PLA chains were 
significantly shorter than conversion would suggest. Again, the production of homopolymer 
would appear a likely cause, although no low weight polymer was observed by GPC. Another 
possible cause could be impurities (such as water from PCHC) in the reaction mixture; 
however, trace amounts of water would be expected to deactivate some of the yttrium 
alkoxide initiator. This usually results in higher molecular weights than expected, as fewer 
sites would be active. Chain transfer reactions could also produce lower molecular weight 
polymers but water is not generally believed to be a chain transfer agent for this reaction. The 
cause of this discrepancy is therefore not certain although it appears to be fairly consistent 
across the polymers. 
 
5.5.6 PLLA instead of rac-PLA 
Poly-L-lactide (PLLA) is more crystalline than atactic PLA, and hence has a higher Tg. Two 
of the block copolymerisation reactions were repeated using L-lactide (runs 4 and 7, Table 
5.2), in order to assess the effect this had on polymer properties. The resulting polymers had 
similar molecular weights to the racemic equivalents, although in the case of run 4, a lower 
conversion and a lower molecular weight were observed. Analysis of the range of polymers 
was carried out using Differential Scanning Calorimetry (DSC) to ascertain the glass 
transition temperatures. Before this could be done, Thermogravimetric Analysis (TGA) was 
completed on one sample, to discover how the polymer decomposed upon heating.   
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GPC and MALDI-TOF mass spectrometry showed the terpolymerisation to be poorly 
controlled, with multiple species present.  
The incorporation of another bio-renewable monomer (rac-lactide) was attempted, in order to 
alter the polymer properties and increase the amount of renewable material present in the 
polymers. Terpolymerisations of lactide and CHO were unsuccessful, as the catalysts were 
inactive for lactide polymerisation. However, successful ABA tri-block copolymers were 
produced from PCHC chains featuring diol end groups, with moderate molecular weights and 
good polydispersities. Analysis of these polymers by TGA and DSC indicated block 
structures with two glass transition temperatures and two degradation temperatures being 
observed. 
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6.1 General comments 
6.1.1 Materials and methods 
The synthesis of ligands H2L1-5 and their precursors were carried out in air. Anhydrous 
complexation reactions were conducted under nitrogen, using either standard anaerobic 
techniques or in a nitrogen-filled glovebox. All solvents and reagents were obtained from 
commercial sources (Aldrich and Strem) and used as received, unless stated otherwise. 
Toluene, THF and hexane were distilled from sodium and stored under nitrogen. 
Cyclohexene oxide, DCM and d2-TCE were distilled from CaH2 and stored under nitrogen. 
All solvents and CHO were thoroughly degassed, by performing several freeze-thaw cycles 
under vacuum, before use with cobalt precursors/complexes. CP grade (99.99 %) carbon 
dioxide (BOC) was used for copolymerisation studies using zinc complexes. Research Grade 
(100 %) CO2 (BOC) was used for copolymerisation studies using cobalt catalysts. High-
pressure reactions were carried out in a Parr 5513 100 mL bench reactor. 
 
6.1.2 Measurements 
1H and 13C{1H} NMR spectra were performed on a Bruker AV-400 instrument, unless 
otherwise stated. All ESI and LSI mass spectrometry measurements were performed using a 
Fisons Analytical (VG) Autospec spectrometer. Elemental analyses were determined by Mr 
Stephen Boyer at London Metropolitan University, North Campus, Holloway Road, London, 
N7. GPC data was collected using a Polymer labs PL GPC-50 instrument, with THF as the 
eluent, at a flow rate of 1mLmin-1. Two Polymer labs Mixed D columns were used in series. 
Narrow Mw polystyrene standards were used to calibrate the instrument. MALDI-TOF MS 
experiments were carried out at the EPSRC NMSCC, Swansea University, using a dithranol 
matrix, in THF at a loading of 1:5, with NaOAc as the cationizing agent. UV-Vis 
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spectroscopic measurements were taken using a Perkin Elmer Lambda 25 instrument. All IR 
spectra were performed neat on a Perkin Elmer Spectrum 100 ATR-IR instrument. All DSC 
experiments were carried out on a Perkin Elmer DSC 400 instrument. TGA measurements 
were carried out on a Perkin Elmer Pyris 1 TGA instrument under a flow of dry air, heating at 
a rate of 10 °C min-1. 
 
6.2 Synthesis of Macrocyclic Ligands and Di- and Tri-zinc Acetate 
Complexes 
6.2.1 General Procedure for the Synthesis of 4-R-2,6-diformylphenols120 
4-R-2,6-Diformylphenols were synthesised using a literature procedure,120 except 2,6-
diformyl-4-methylphenol, which had previously been synthesised by another member of the 
Williams Group. To a round-bottomed flask was added 4-R-phenol (66.6 mmol) and HMTA 
(14.94 g, 106.6 mmol). TFA (52 mL, 692 mmol) was added slowly whilst stirring, and the 
bright yellow solution was refluxed, at 125 °C overnight, after which the solution had turned 
dark brown. A Dean-Stark condenser was added and the solution heated, under reflux at 150 
°C for 4 hours, after which the solution was allowed to cool to 100 °C and 3M HCl (100 mL) 
was added. The solution was refluxed for a further 40 minutes, at 100 °C, then allowed to 
cool to room temperature overnight, during which time precipitate formed (in the case of 4-
bromo and –fluoro-2,6-diformylphenol, solution was left in the freezer overnight, after which 
precipitate formed). The product was filtered, washed twice with cold (-78 °C) MeOH (30 
mL) and dried under vacuum.   
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4-tert-butyl-2,6-diformylphenol (yellow crystals, 7.51 g, 36.4 mmol, 56 %): 1H NMR  (400 
MHz; CDCl3): δ 11.50 (s, 1H, OH), 10.27 (s, 2H, O=CH), 8.00 (s, 2H, Ar-H), 1.38 (s, 9H, 
Ar-C-CH3). 
2,6-diformyl-4-methoxyphenol (brown powder, 2.52 g, 14 mmol, 21 %): 1H NMR (400 
MHz, CDCl3): δ 11.15 (s, 1H, OH), 10.24 (s, 2H, O=CH), 7.53 (s, 2H, Ar-H), 3.88 (s, 3H, O-
CH3). 
4-bromo-2,6-diformylphenol (orange powder, 8.38 g, 36.6 mmol, 55 %): 1H NMR (400 
MHz, CDCl3): δ 11.57 (s, 1H, OH), 10.21 (s, 1H, O=CH), 8.08 (s, 2H, Ar-H). 
2,6-diformyl-4-fluorophenol (yellow powder, 5.70 g , 33.9 mmol, 51 %): 1H NMR (400 
MHz, CDCl3): δ 11.42 (s, 1H, OH), 10.23 (s, 2H, O=CH), 7.71 (d, J = 7.4 Hz, 2H, Ar-H). 
2,6-diformyl-4-nitrophenol (yellow powder, 4.55 g, 23.3 mmol, 35 %): 1H NMR (400 MHz, 
CDCl3): δ 12.27 (s, 1H, OH), 10.32 (s, 2H, O=CH), 8.87 (s, 2H, Ar-H). 
 
6.2.2 General Procedure for the Synthesis of [H4Ln´](ClO4)2 
To a round-bottomed flask, was added 4-R-2,6-diformylphenol (5.80 mmol), NaClO4 (2.81 g, 
23.2 mmol), acetic acid (0.66 mL, 11.6 mmol) and methanol (90 mL). This solution was 
heated to 70 °C whilst stirring, and as the solution started to boil, 2,2-dimethyl-1,3-
propanediamine (0.70 mL, 5.8 mmol) was added, slowly, in methanol (30 mL). The reaction 
mixture was allowed to cool to room temperature, and left stirring for 24 hours, after which a 
precipitate was filtered and washed with cold (-78 °C) methanol.  
[H4L1’](ClO4)2 (orange crystals; 1.85 g, 2.76 mmol, 95 %): 1H NMR (400 MHz, d6-DMSO): 
δ 13.61 (br s, 4H, NH / OH), 8.68 (d, J = 13.3 Hz, 4H, N=CH), 7.66  (s, 4H, Ar-H), 3.87 (s, 
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8H, CH2), 1.28 (s, 12H, CH3), 1.15 (s, 18H, CH3). 13C{1H} NMR (100 MHz, d6-DMSO): δ 
176.5, 169.3, 142.5, 136.2, 116.6, 60.7, 35.2, 34.0, 31.2 and 23.6. m/z (ESI+): 545.3875 (80 
%, [M– H]+, C34H49N4O2 requires 545.3856). 
[H4L2’](ClO4)2 (orange crystals; 1.72 g, 2.26 mmol, 76 %): 1H NMR (d6-DMSO): δ 8.63 (d, J 
= 13.5 Hz, 4H,  N=CH), 7.34 (s, 4H, Ar-H), 3.90 (d, 8H, N-CH2-C), 2.13 (s, 6H, Ar-CH3), 
1.28 (s, 12H, C-CH3). 13C{1H} NMR (d6-DMSO): δ 176.1, 168.1, 145.2, 122.5, 116.3, 60.2, 
33.7, 30.4, 18.7. Anal. Calc. for C28H38Cl2N4O10: C, 50.84; H, 5.79; N, 8.47%. Found: C, 
50.79; H, 5.77; N, 8.41%.  
[H4L3’](ClO4)2 (brick red powder; 0.63 g, 0.90 mmol, 31 %): 1H NMR (400 MHz, d6-
DMSO): δ 13.83 (s, 4H, OH / NH), 8.67 (d, J = 13.4 Hz, 4H, N=CH), 7.22 (s, 4H, Ar-H), 
3.90 (s, 8H, N-CH2-C), 3.69 (s, 6H, Ar-O-CH3), 1.29 (s, 12H, C-CH3). 13C{1H} NMR  (d6-
DMSO): δ 174.3, 168.5, 147.3, 130.7, 116.9, 61.2, 56.4, 34.4, 23.5. Anal. Calc. for 
C28H38Cl2N4O12: C, 48.49; H, 5.52; N, 8.08%. Found: C, 48.47; H, 5.46; N, 8.12%.  
 
6.2.3 General Procedure for the Synthesis of H2L1,2 from [H4Ln’](ClO4)2 
[H4Ln´](ClO4)2 (2.7 mmol) was suspended in methanol (180 mL). The suspension was cooled 
to 0 °C and NaBH4 (2.65 g, 70 mmol) was added, slowly. As NaBH4 was added, the red-
orange suspension turned to a clear solution. The solution was allowed to stir at room 
temperature for 1 hour, after which water was added slowly, and the solution turned cloudy. 
Once the precipitate started to form, the mixture was left overnight. The product was filtered, 
washed with water and dried under vacuum to yield white crystals of the title compound. 
H2L1 (1.21 g, 2.19 mmol, 88 %): Mp: 162 °C . 1H NMR (400 MHz, CDCl3): δ 6.95 (s, 4H, 
Ar-H), 3.76 (s, 8H, CH2), 2.53 (s, 8H, CH2), 1.27 (s, 18H, CH3), 1.02 (s, 12H, CH3). 13C{1H} 
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NMR  (CDCl3): δ 154.7, 140.7, 124.9, 124.3, 59.9, 53.4, 34.7, 34.1, 31.7, and 25.2. m/z 
(ESI+): 553 ([M+H]+, 75 %), 277 (100). Anal. Calc. for C34H56N4O2: C, 73.87; H, 10.21; N, 
10.13%. Found: C, 73.87; H, 10.26; N, 10.18%.  
H2L2 (0.75 g, 1.6 mmol, 59 %): Mp: 154 °C. 1H NMR (400 MHz, CDCl3): δ 6.74 (s, 4H, Ar-
H), 3.74 (s, 8H, N-CH2-Ar), 2.51 (s, 8H, N-CH2-C), 2.22 (s, 6H, Ar-CH3), 1.03 (s, 12H, C-
CH3). 13C{1H} NMR  (CDCl3): δ 154.6, 128.7, 127.2, 124.7, 59.7, 52.7, 34.7, 25.0, 20.4. m/z 
(ESI+): 469 ([M+H]+, 100 %), 235 (14 %). Anal. Calc. for C28H44N4O2: C, 71.76; H, 9.46; N, 
11.95%. Found: C, 71.60; H, 9.52; N, 11.88%. 
 
6.2.4 Synthesis of H2L3 from [H4L3’](ClO4)2 
[H4L3’](ClO4)2 (1.40 g, 2.02 mmol) was suspended in MeOH (110 mL). The suspension was 
cooled to 0°C and NaBH4 (1.99 g, 52.6 mmol) was added, slowly. As NaBH4 was added, the 
brick-red suspension turned to a light brown, clear solution. The solvent was removed, in 
vacuo, and the crude product taken up in a minimal amount of CHCl3. After an hour, a brown 
precipitate was filtered off, and the solvent removed in vacuo. The product was recrystallised 
from MeOH/H2O, giving white crystals, and dried in vacuo.  
H2L3 (0.340 g, 0.68 mmol, 34 %): Mp: 74 °C. 1H NMR (400 MHz, CDCl3): δ 6.52 (s, 4H, 
Ar-H), 3.74 (m, 14H, N-CH2-Ar and Ar-O-CH3), 2.50 (s, 8H, N-CH3-C), 1.02 (s, 12H, C-
CH3). 13C{1H} NMR  (CDCl3): δ 151.7, 150.5, 125.6, 113.5, 59.4, 55.7, 52.6, 34.6, 24.9; m/z 
(ESI+): 501 (100 %, [M+H]+), 251 (25 %). Anal. Calc.for C28H44N4O4: C, 67.17; H, 8.86; N, 
11.19%. Found: C, 67.28; H, 8.98; N, 11.06%. 
 
6.2.5 Synthesis of [L4,5Mg2(NO3)2] 
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4-Halo-2,6-diformylphenol (7.2 mmol) was added to a round bottomed flask and dissolved in 
MeOH (20 mL). The solution was heated to boiling whilst stirring, at which point a hot 
solution of Mg(NO3)2.6H2O (1.85 g, 7.2 mmol) and 2,2-dimethyl-1,3-propandiamine (0.86 
mL, 7.2 mmol) in MeOH (15 mL) was added. The solution was heated to reflux overnight, 
after which Mg(NO3)2.6H2O (0.93 g, 3.6 mmol) and 2,2-dimethyl-1,3-propandiamine (0.43 
mL, 3.6 mmol) was added and the solution refluxed for a further two hours. The solution was 
allowed to cool and the solvent removed in vacuo. The crude was then recrystallised from 
EtOH (L4) or IPA (L5), giving yellow crystals. 
[L4’Mg2(NO3)2] (2.5 g, 6.8 mmol, 78 %): 1H NMR (400 MHz; d4-MeOD): δ 8.30 (s, 4H, 
N=CH), 7.75 (s, 4H, Ar-H), 3.78 (s, 8H N-CH2-C), 1.10 (s, 12H, C-CH3). 13C {1H} NMR 
(100 MHz; d4-MeOD): δ 169.8, 164.3, 144.2, 126.8, 108.1, 74.6, 37.2, 25.0. m/z (LSIMS+): 
698 (90 %, [M -NO3]+). Anal. Calc. for C30H44Br2Mg2N6O10: C, 42.04; H, 5.17; N, 9.80%. 
Found: C, 42.13; H, 5.22; N, 9.87%. 
[L5’Mg2(NO3)2] (2.18 g, 3.4 mmol, 47 %): 1H NMR (400 MHz; d4-MeOD): δ 8.31 (s, 4H, 
N=CH), 7.43 (d, J = 8.5 Hz, 4H, Ar-H), 3.79 (s, 8H, N-CH2-C), 1.11 (s, 12H, C-CH3). 13C 
{1H} NMR (100 MHz; d4-MeOD): δ 168.5, 160.4, 152.8 (d, J = 235 Hz), 126.3 (d, J = 23 
Hz), 123.9 (d, J = 6 Hz), 73.3, 35.8, 23.8. m/z (LSIMS+): 576 (30 %, [M -NO3]+). Anal. Calc. 
for C32H48F2Mg2N6O10: C, 50.35; H, 6.34; N, 11.01%. Found: C, 50.31; H, 6.29; N, 11.07%. 
 
6.2.6 General Procedure for the Synthesis of H2L4,5 from [L4,5Mg2(NO3)2] 
[Ln’Mg2(NO3)2] (1.5 mmol) was dissolved in MeOH (150 mL) and cooled to 0 ˚C. NaBH4 
(0.67 g, 18 mmol) was dissolved in H2O (95 mL) and added dropwise to the methanol 
solution over an hour whilst stirring, during which time the yellow solution turned colourless. 
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The solution was allowed to warm to room temperature and diluted with H2O (150 mL). 
Conc. HCl was added slowly until the resulting yellow solution turned completely colourless. 
NH3/H2O solution was added slowly until the pH reached 10, after which the product was 
extracted twice with CHCl3, dried over MgSO4 and filtered. The solvent was removed in 
vacuo, and the product recrystallised from MeOH/H2O. 
H2L4 (0.30 g, 0.5 mmol, 34 %): Mp: 82 °C. 1H NMR (400 MHz; CDCl3): δ 7.08 (s, 4H, Ar-
H), 3.73 (s, 8H, Ar-CH2-N), 2.53 (s, 8H, N-CH2-C), 1.01 (s, 12H, C-CH3). 13C{1H} NMR 
(100 MHz; CDCl3): δ 154.1, 141.4, 125.2, 123.4, 51.5, 47.6, 33.4, 30.6; m/z (ESI+): 599 
([M+H]+, 100 %). Anal. Calc. for C26H38Br2N4O2: C, 52.18; H, 6.40; N, 9.36%. Found: C, 
52.13; H, 6.63; N, 9.40%. 
H2L5 (0.52 g, 1.1 mmol, 74 %): 1H NMR (400 MHz; CDCl3): δ 6.66 (d, J = 8.7 Hz, 4H, Ar-
H), 3.72 (s, 8H, Ar-CH2-N), 2.52 (s, 8H, N-CH2-C), 1.01 (s, 12H, C-CH3). 13C{1H} NMR 
(100 MHz; CDCl3): δ 155.3 (d, J = 237 Hz), 152.6, 125.9 (d, J = 7 Hz) 114.1 (d, J = 23 Hz), 
59.3, 52.0, 34.6, 24.9. 19F NMR (400 MHz; CDCl3) δ –126.6. m/z (ESI+): 477 (100 %, 
[M+H]+). Anal. Calc. for C26H38F2N4O2: C, 65.52; H, 8.04; N, 11.76%. Found: C, 65.62; H, 
8.11; N, 11.71%. 
 
6.2.7 General Procedure for the Synthesis of [L1,2,3Zn2(OAc)2] 
H2Ln (0.72 mmol) was dissolved in dry THF (10 mL) and transferred into a Schlenk tube 
containing KH (0.04 g, 1.08 mmol), and cooled to –78 °C, under nitrogen. This suspension 
was allowed to warm to room temperature and left to stir for 1 hour. Any excess KH was 
filtered off and the solution transferred to a Schlenk tube containing Zn(OAc)2 (0.27 g, 1.48 
mmol). The reaction was left to stir for 16 hours overnight, after which the THF was removed 
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in vacuo, and the product taken up in dry CH2Cl2 (10 mL). The solution was then filtered, the 
solvent removed in vacuo and the white powdery product dried under vacuum overnight.  
[L1Zn2(OAc)2] (0.40 g, 0.5 mmol, 70 %): 1H NMR (400 MHz, d2-tce, 383 K): δ 7.00 (s, 4H, 
Ar-H), 4.78 (br s, 4H, NH), 3.32 (br s, 4H, CH2), 2.95 (br s, 4H, CH2), 2.84 (br s, 4H, CH2) 
2.46 (br s, ~ 4H, CH2), 2.08 (s, ~ 6H, OAc), 1.35 (s, 18H, Ar-C-CH3), 1.29 (s, 6H, CH2-C-
CH3), 1.05 (s, 6H, CH2-C-CH3). 13C{1H} NMR (100 MHz, d2-tce, 383 K): δ 174.7, 159.5 
(br), 139.5 (br), 127.4, 124.4, 63.2, 56.3, 33.5, 31.4, 27.9, 21.1 and 20.7. m/z (LSIMS+): 739 
([M -OAc]+, 100%). Anal. Calc.for C36H60N4O2Zn2: C, 57.07; H, 7.56; N, 7.01%; Found: C, 
56.91; H, 7.46; N, 6.92%. 
[L2Zn2(OAc)2] (0.37 g, 0.52 mmol, 72 %): 1H NMR (400 MHz, d2-tce, 383 K): δ 6.83 (s, 4H, 
Ar-H), 4.76 (br s, 4H, NH), 3.26 (br s, 4H, CH2), 2.96 (br s, 4H, CH2), 2.79 (br s, 4H, CH2), 
2.44 (br s, 4H, CH2), 2.27 (s, 6H, Ar-CH3), 2.09 (s, 6H, OAc), 1.26 (s, 6H, C-CH3), 1.04 (s, 
6H, C-CH3). 13C{1H} NMR (100 MHz, d2-tce, 383 K): δ 175.1, 159.0 (br), 139.0 (br), 131.0, 
124.7, 63.4, 56.1, 33.4, 27.9, 21.3, 19.7. m/z (LSIMS+): 656 ([M -OAc]+, 100 %). Anal. 
Calc.for C32H48N4O6Zn2: C, 53.71; H, 6.76; N, 7.83%; Found: C, 53.60; H, 6.74; N, 7.82%. 
[L3Zn2(OAc)2] (0.40 g, 0.54 mmol, 75 %): 1H NMR (400 MHz, d2-tce, 383 K): δ 6.61 (s, 4H, 
Ar-H), 4.68 (s, br, 4H, NH), 3.77 (s, 6H, Ar-OCH3), 3.21 (s, br, 4H, CH2), 2.98 (s, br, 4H, 
CH2), 2.76 (s, br, 4H, CH2), 2.49 (s, br, ~ 4H, CH2), 2.01 (s, 6H, OAc), 1.25 (s, 6H, C-CH3), 
1.03 (s, 6H, C-CH3). 13C{1H} NMR (100 MHz, d2-tce, 383 K): δ 174.5, 155.2, 150.4, 125.5, 
116.2, 63.2, 56.8, 33.4, 27.8, 21.4, 20.8; m/z (LSIMS+): 687 ([M -OAc]+, 98 %). Anal. 
Calc.for C32H48N4O8Zn2: C, 51.42; H, 6.47; N, 7.49%; Found: C, 51.36; H, 6.56; N, 7.49%. 
 
6.2.8 General Procedure for Synthesis of [L1,2,3Zn3(OAc)4] 
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H2Ln (0.72 mmol) was dissolved in dry THF (10 mL), in a Schlenk tube. The solution was 
transferred to a Schlenk tube containing Zn(OAc)2 (0.54 g, 2.96 mmol). The reaction was left 
to stir for 16 hours, after which the THF was removed in vacuo, and the product taken up in 
dry CH2Cl2 (10 mL). The solution was then filtered to remove excess Zn(OAc)2, and the 
solvent removed in vacuo. The product was then recrystallised from THF/hexane, filtered, 
and washed with hexane. All NMR resonances are reported for the major isomer. 
[L1Zn3(OAc)4] (0.57 g, 0.57 mmol, 80 %): IR (νc=o, cm-1, neat): 1670 and 1369 (terminal 
OAc), 1589 and 1426 (bridging OAc). 1H NMR (CD3OD): δ 7.09 (s, 4H, Ar-H), 4.28 (t, 4H, 
NH), 3.26 (d, J = 11.7 Hz, 4H, CH2), 3.03 (d, J = 11 Hz, 4H, CH2), 2.77 (m, 8H, CH2), 1.80 
(s, 12H, OAc), 1.29 (s, br, 18H, Ar-C-CH3), 1.27 (d, 6H, N-C-CH3), 1.03 (s, 6H, N-C-CH3). 
13C{1H} NMR (d2-TCE, 383 K): δ 177.2, 159.8 (br), 139.8 (br), 127.9, 125.0, 62.1, 55.2, 
33.7, 33.3, 31.4, 28.2, 22.6, 20.8. m/z (LSIMS+): 740 ([M –Zn(OAc)3]+, 100 %). Anal. Calc. 
for C42H66N4O10Zn3: C, 51.31; H, 6.77; N, 5.70%. Found: C, 51.42; H, 6.81; N, 5.64%.   
[L2Zn3(OAc)4] (0.53 g, 0.59 mmol, 82 %): IR (νc=o, cm-1, neat): 1705 and 1381 (terminal 
OAc), 1583 and 1423 bridging OAc). 1H NMR (CD3OD): δ 6.87 (s, 4H, Ar-H) 4.22 (m, 4H, 
NH), 3.21 (d, J = 11 Hz, 4H, CH2), 2.99 (d, br, J = 10.3 Hz, 4H, CH2), 2.75 (m, 8H, CH2), 
2.19 (s, 6H, Ar-CH3), 1.88 (s, br, 12H, OAc), 1.26 (s, 6H, N-C-CH3), 1.02 (s, 6H, N-C-CH3). 
13C{1H} NMR (d2-TCE, 383 K): δ 177.1, 160.0 (br), 144.2 (br), 131.8, 125.5, 62.2, 54.8, 
33.8, 28.2, 22.5, 20.7, 19.7. m/z (LSIMS)+: 656 ([M –Zn(OAc)3]+, 100 %). Anal. Calc. for 
C36H54N4O10Zn3: C, 48.09; H, 6.05; N, 6.23%. Found: C, 48.01; H, 5.98; N, 6.11%. 
[L3Zn3(OAc)4] (0.51 g, 0.55 mmol, 76 %): IR (νc=o, cm-1, neat): 1651 and 1379 (terminal 
OAc), 1587 and 1427 (bridging OAc). 1H NMR (CD3OD): δ  6.65 (s, 4H, Ar-H) 4.22 (m, 4H, 
CH2), 3.70 (s, 6H, OCH3), 3.17 (d, J = 11.7 Hz 4H, CH2), 2.97 (d, J = 11 Hz 4H, CH2), 2.65 
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(d, J = 11.1 Hz 4H, CH2), 1.80 (s, br, 12H, OAc), 1.24 (s, 6H, CH3), 1.00 (s, 6H, CH3). 
13C{1H} NMR (CD3OD): 180.1, 157.6 (br), 152.2 (br), 127.4, 118.0, 63.4, 56.2, 55.8, 34.9, 
28.7, 23.0, 21.2;  m/z (LSIMS+): 688 ([M –Zn(OAc)3]+, 100 %). Anal. Calc.for 
C36H54N4O12Zn3: C, 46.44; H, 5.85; N, 6.02%. Found: C, 46.52; H, 5.90; N, 5.91%. 
 
6.3 Copolymerisation of CHO and CO2 with Zinc Catalysts 
6.3.1 Low Pressure Copolymerisation Conditions 
Cyclohexene oxide (2.5 mL, 25 mmol) and catalyst (0.025 mmol) were added to a Schlenk 
tube. The cyclohexene oxide was degassed, before being left stirring under 1 atm CO2, at set 
temperature, for x hours. The crude reaction mixture was then taken up in CH2Cl2 and a 0.2 
mL of a 5% solution of HCl/MeOH was added. The solution was evaporated in air, after 
which the product was dried in vacuo overnight. No further purification of the polymer was 
undertaken as the vacuum was sufficient to remove unreacted cyclohexene oxide.  
 
6.3.2 High Pressure Copolymerisation Conditions 
The 100 mL Parr reaction vessel was dried in an overn at 140 °C overnight prior to use, after 
which the reactor was assembled and placed under vacuum for 2-3 hours. Separately, the 
catalyst (0.0198 mmol) was dissolved in cyclohexene oxide (20 mL, 197.6 mmol) in a 
Schlenk tube. This was transferred into the 100 mL Parr reaction vessel under nitrogen. The 
reactor was charged with the set CO2 pressure before being heated to the set temperature and 
left for x hours. Work-up was carried out in the same manner as above.  
PCHC: 1H NMR (400 MHz, CDCl3) δ 4.65 (s, 2H, CHOCOOCH), 4.40 (s, 
OCOOCHCHOH, diol end group), 4.10 (m, OCOOCH, pentanol end group) 3.58 (s, 
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OCOOCHCHOH, diol end group), 2.11 (s, 2H CH2CHOCOO), 1.70 (s, 2H, CH2CHOCOO), 
1.46 (s, 2H, CH2CH2CHOCOO), 1.34 (s, 2H, CH2CH2CHOCOO).  
Ether linkage: δ 3.45 (s, CHOCH). 
Trans-CHC: δ 4.10 (m, CHOCOOCH). 
Turn-over-number was calculated as [(isolated yield – weight catalyst)/142.1]/moles catalyst. 
Turn-over-frequency was calcuclated as TON/h. 
 
6.4 Synthesis of Cobalt Complexes 
6.4.1 Synthesis of [L1Co2(OAc)2] - I 
H2L1 (0.4 g, 0.72 mmol) and Co(OAc)2 (0.26 g, 1.44 mmol) were dissolved in dry toluene (10 
mL) in a Schlenk tube, and left to stir overnight, producing a pink solution. The solvent was 
removed, in vacuo, and the pink powder was dried, under vacuum overnight. This proved 
sufficient to remove both toluene and acetic acid from the product, and no further purification 
was necessary. 
(Pink powder, 0.44 g, 0.56 mmol, 79 % unoptimised). IR (νc=o, cm-1, neat): 1575 and 1419. 
UV-Vis λmax/nm (ε/dm3mol-1cm-1): 489 (55), 1042 (13). m/z (LSIMS+): 727 ([M –OAc]+, 100 
%). Anal. Calc. for C38H60Co2N4O6: C, 58.01; H, 7.69; N, 7.12%. Found: C, 57.93; H, 7.69; 
N, 7.05%.   
 
6.4.2 Synthesis of [L1Co3(OAc)4]-II 
H2L1 (0.3 g, 0.54 mmol) and Co(OAc)2 (0.29 mg, 1.62 mmol) were dissolved in dry toluene 
(10 mL), in a Schlenk tube, and left to stir overnight, producing a deep purple solution. The 
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solvent was removed, in vacuo, and the purple powder was dried under vacuum overnight. 
This proved sufficient to remove both toluene and acetic acid from the product, and no 
further purification was necessary. 
(Purple powder, 0.42 g, 0.44 mmol, 83 %). IR (νc=o, cm-1, neat): 1581 and 1425. UV-Vis 
λmax/nm (ε/dm3mol-1cm-1): 514 (129), 570 (131), 1017 (40).  m/z (LSIMS+): 727 ([M –
Co(OAc)2]+, 100 %). Anal. Calc. for C42H66Co3N4O10: C, 52.34; H, 6.90; N, 5.81%. Found: 
C, 52.24; H, 6.85; N, 5.79%.  
 
6.4.3 Synthesis of [L1Co2(OAc)3]-III 
H2L1 (0.3 g, 0.54 mmol) and Co(OAc)2 (0.19 g, 1.08 mmol) were dissolved in dry toluene (10 
mL), in a Schlenk tube, and left to stir overnight, producing a pink solution. The solution was 
then opened to air and left stirring overnight, during which time the solution turned olive 
green. The solvent was removed, in vacuo, and the product was dried under vacuum 
overnight. This proved sufficient to remove both toluene and acetic acid from the product, 
and no further purification was necessary.  
(Olive green powder, 0.39 g, 0.46 mmol, 85 %). IR (νc=o, cm-1, neat): 1572 and 1386. UV-Vis 
λmax/nm (ε/dm3mol-1cm-1): 627 (370), 1032 (6). m/z (LSIMS+): 727 ([M –2OAc]+, 100 %). 
Anal. Calc. for C40H63Co2N4O8: C, 56.80; H, 7.51; N, 6.62%. Found: C, 56.75; H, 7.60; N, 
6.58%.  
 
6.4.4 Synthesis of K[(L1Co2Cl2)2Cl] 
H2L1 (0.40 g, 0.72 mmol) was dissolved in THF (10 mL) and transferred into a Schlenk tube 
containing KH (0.87 g, 2.20 mmol) and cooled to -78 °C, under nitrogen. The suspension 
Chapter 6 
Experimental Procedures and Data 
 
212 | P a g e  
 
was allowed to warm to room temperature and left to stir for 1 hour. Any excess KH was 
filtered, and CoCl2 (0.19 g, 1.44 mmol) was added to the solution, slowly. The solution was 
left to stir overnight, producing a purple solution. The solvent was removed in vacuo and the 
pink powder was dried under vacuum for several hours.  
(Pink powder, 0.48 g, 0.31 mmol, 85 %). UV-Vis λmax/nm (ε/dm3mol-1cm-1 per macrocycle): 
473 (85), 511 (76), 540 (82), 572 (74). m/z (LSIMS+): 703 (100  %, [L1Co2Cl]+). Anal. Calc. 
for C68H108Cl5Co4KN8O4: C, 52.57; H, 7.01; N, 7.21. Found: C, 52.52; H, 6.94; N, 7.23.  
 
6.4.5 Synthesis of [L1Co3I4] 
H2L1 (0.3 g, 0.54 mmol) was dissolved in THF (10 mL) in a Schlenk tube. CoI2 (0.34 g , 1.08 
mmol) was added to the solution and left to stir for 16 hours at 25 °C, after which the 
solution turned brown. The solvent was removed in vacuo, after which the powdery product 
was dried under vacuum for several hours. 
(Brown/Green powder, 0.57 g, 0.46 mmol, 85 %). Anal. Calc. for C34H54Co3I4N4O2: C, 
36.06; H, 4.41; N, 4.54. Found: C, 32.94; H, 4.48; N, 4.31.  
 
6.4.6 General Procedure for Synthesis of [L1Co2Cl3][B-H] 
H2L1 (0.25 g, 0.45 mmol) was dissolved in THF (10 mL) in a Schlenk tube. Base (0.9 mmol) 
was added to the solution and left to stir for 1 hour. CoCl2 (0.12 g, 0.9 mmol) was added to 
the solution slowly to prevent formation of [L1Co3Cl4], and the solution was left stirring 
overnight, after which a purple solution was found with a white precipitate. The precipitate 
was filtered off and the solvent removed in vacuo, after which the pink powder was dried 
under vacuum for several hours. 
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[L1Co2Cl3][HNEt3] (0.33 g, 0.38 mmol, 84 %): UV-Vis λmax/nm (ε/dm3mol-1cm-1): 570 
(110), 510 (100), 540 (104), 565 (95). m/z (LSIMS+): 102 (100 %, [HNEt3]+), m/z (ESI-) 803 
(100 %, [L1Co2(HCO2)3]-), 793 (20 %, [L1Co2Cl(HCO2)2]-). Anal. Calc. for 
C40H70Cl3Co2N5O2: C, 54.77; H, 8.04; N, 7.98%. Found: C, 54.84; H, 7.98; N, 8.02%. 
[L1Co2Cl3][H-DBU] (0.33 g, 0.36 mmol, 79 %): m/z (LSIMS+): 153 (100 %, [H-DBU]+), m/z 
(ESI-) 803 (100 %, [L1Co2(HCO2)3]-), 793 (20 %, [L1Co2Cl(HCO2)2]-). Anal. Calc. for 
C43H71Cl3Co2N6O2: C, 55.64; H, 7.71; N, 9.05%. Found: C, 55.69; H, 7.79; N, 9.08%. 
[L1Co2Cl3][MTBD-H] (0.31 g, 0.33 mmol, 74 %): m/z (LSIMS+): 154 (100 %, [H-MTBD]+), 
m/z (ESI-) 803 (100 %, [L1Co2(HCO2)3]-), 793 (20 %, [L1Co2Cl(HCO2)2]-). Anal. Calc. for 
C42H70Cl3Co2N7O2: C, 54.28; H, 7.59; N, 10.55%. Found: C, 54.16; H, 7.65; N, 10.41%.  
 
6.4.7 Synthesis of [L1Co2Cl2(Nu)] 
H2L1 (0.40 g, 0.72 mmol) was dissolved in THF (10 mL) and transferred into a Schlenk tube 
containing KH (0.87 g, 2.20 mmol) and cooled to -78 °C, under nitrogen. The suspension 
was allowed to warm to room temperature and left to stir for 1 hour. Any excess KH was 
filtered off, Nu (0.72 mmol) was added to the solution and left to stir for 5 minutes, after 
which CoCl2 was added, slowly. The solution initially turned dark blue on addition, 
indicating the formation of [CoCl2(Nu)2], but after being left to stir overnight, a burgundy 
coloured solution was found. The solution was filtered, and the solvent removed in vacuo.  
[L1Co2Cl2(MeIm)] (Burgundy powder, 0.32 g, 0.39 mmol, 54 %): m/z (LSIMS+): 703 (100 
%, [L1Co2Cl]+). Anal. Calc. for C38H60Cl2Co2N6O2: C, 55.54; H, 7.36; N, 10.23. Found: C, 
55.68; H, 7.50; N, 10.05. 
Chapter 6 
Experimental Procedures and Data 
 
214 | P a g e  
 
[L1Co2Cl2(py)] (Burgundy powder, 0.42 g, 0.53 mmol, 70 %): UV-Vis λmax/nm (ε/dm3mol-
1cm-1): 471 (141), 516 (126), 536 (123). m/z (LSIMS+) 703 (100 %, [L1Co2Cl]+). Anal. Calc. 
for C39H59Cl2Co2N5O2: C, 57.22; H, 7.26; N, 8.55. Found: C, 57.12; H, 7.26; N, 8.46. 
[L1Co2Cl2(DMAP)] (Burgundy powder, 0.47 g, 0.54 mmol, 75 %): UV-Vis λmax/nm 
(ε/dm3mol-1cm-1): 475 (139), 518 (123), 534 (119). m/z (LSIMS+) 703 (100 %, [L1Co2Cl]+). 
Anal. Calc. for C41H64Cl2Co2N6O2: C, 57.15; H, 7.49; N, 9.75. Found: C, 57.19; H, 7.59; N, 
9.63.  
 
6.4.8 Low Pressure Copolymerisation of CHO and CO2 with Cobalt Catalysts 
Identical conditions used as for zinc catalysts, see 6.3.1. 
 
6.4.9 High Pressure Copolymerisation using [L1Co2(OAc)3]-III  
A Parr reaction vessel was placed in an oven at 140 °C overnight, after which it was removed 
and placed under vacuum for 3 hours. Separately, III (0.166g, 0.198 mmol) was added to a 
Schlenk and placed under vacuum for 3 hours. The reaction vessel was then charged with 
nitrogen, and cyclohexene oxide (10 mL, 99 mmol) was transferred into it. The vessel was 
evacuated, placed under 1 atm CO2, and heated to temperature. The Schlenk containing III 
was charged with nitrogen and cyclohexene oxide (10 mL, 99 mmol) was added. Once all III 
was dissolved, the Schlenk was degassed before being charged with CO2. The solution was 
transferred into the reaction vessel, which was immediately pressurised to 10 atm CO2 and 
allowed to stir at pressure and temperature for 5 minutes. The vessel was then placed into an 
ice bath to cool before being vented in a fume hood. The crude reaction mixture was taken up 
in CH2Cl2, and a 0.5 mL of a 5% solution of HCl/MeOH was added. The solution was 
evaporated in air, after which the product was dried in vacuo overnight.   
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6.5 Polymerisation Reactions using Different Monomers 
6.5.1 Attempted Low Pressure Copolymerisation of PO, SO, BO and LO with CO2 
Epoxide (25 mmol) and III (0.021 g, 0.025 mmol) were added to a Schlenk tube. The 
epoxide was degassed, before being left stirring under 1 atm CO2, at a set temperature, for a 
set reaction time. At the end of the reaction, an aliquot was removed and taken up in CDCl3 
for 1H NMR spectroscopy. 
 
6.5.2 Attempted High Pressure Copolymerisation of PO, SO, BO and LO with CO2 
The 100 mL Parr reaction vessel was dried in an oven at 140 °C overnight prior to use, after 
which the reactor was assembled and placed under vacuum for 2-3 hours. Separately, III 
(0.167 g, 0.198 mmol) was dissolved in epoxide (197.6 mmol) in a Schlenk tube. This was 
transferred into the 100 mL Parr reaction vessel under nitrogen. The reactor was charged with 
10 atm CO2 pressure before being heated to the set temperature and left for x hours. At the 
end of the reaction, an aliquot was removed and taken up in CDCl3 for 1H NMR 
spectroscopy. 
 
6.5.3 Attempted Low Pressure Terpolymerisation of SO and LO with CHO/CO2 
Epoxide (14.8 mmol), CHO (1.5 mL, 14.8 mmol) and III (0.025 g, 0.030 mmol) were added 
to a Schlenk tube. The mixtyre was degassed, before being left stirring under 1 atm CO2, at a 
set temperature, for x hours. At the end of the reaction, an aliquot was removed and taken up 
in CDCl3 for 1H NMR spectroscopy. 
 
6.5.4 High pressure terpolymerisation reactions of PO with CHO/CO2 
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The 100 mL Parr reaction vessel was dried in an oven at 140 °C overnight prior to use, after 
which the reactor was assembled and placed under vacuum for 2-3 hours. Separately, III 
(0.083 g, 0.099 mmol) was dissolved in CHO (x mmol) and PO (x mmol) in a Schlenk tube. 
This was transferred into the 100 mL Parr reaction vessel under nitrogen. The reactor was 
charged with 10 atm CO2 pressure before being heated to the set temperature and left for x 
hours. At the end of the reaction, an aliquot was removed and taken up in CDCl3 for 1H NMR 
spectroscopy, whilst the crude reaction mixture was taken up in CH2Cl2, and a 0.5 mL of a 
5% solution of HCl/MeOH was added. The solution was evaporated in air, after which the 
product was dried in vacuo overnight, which proved sufficient to remove unreacted PO and 
CHO.   
  
6.5.5 Low Pressure Copolymerisation of CHO and CO2 with III and Ethylene Glycol 
Cyclohexene oxide (5 mL, 25 mmol), III (0.042 g, 0.049 mmol) and ethylene glycol (0.028 
mL, 0.49 mmol)  were added to a Schlenk tube. The cyclohexene oxide was degassed, before 
being left stirring under 1 atm CO2, at set temperature, for 4 hours. The crude product was 
taken up in CH2Cl2 and the solution was left to evaporate in air, after which the product was 
dried in vacuo overnight. No further purification of the polymer was undertaken as the 
vacuum was sufficient to remove unreacted cyclohexene oxide.  
 
6.5.6 Block Copolymerisation of PCHC with (rac/L)-lactide 
Under a nitrogen atmosphere in a glovebox, (rac/L)-lactide (0.5, 1 or 2 mmol) was placed in 
a vial with a stirrer bar and dissolved in THF (1.5 mL). Separately, PCHC (0.005 mmol) was 
placed in a vial with 3 (5.4 mg, 0.1 mmol) and dissolved in THF (0.5 mL). This solution was 
then added to the lactide solution, and stirred for approximately 5 minutes, until the viscosity 
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increased such that stirring could no longer continue. The reaction was terminated and the 
polymer precipitated by the addition of hexane (~2 mL). The polymer was filtered off and 
dried under vacuum.   
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Appendices 
7.1 Appendix A: Experimental Data for Crystal Structures 
Compound [L5’Mg2(NO3)(MeOH)2][NO3] [L4Zn3(OAc)4] 
Empirical formula [C28H36F2Mg2N5O7(NO3).MeO
H.2H2O 
C34H48Br2N4O10Zn3.2Et2O 
Formula weight 771.32 1176.93 
Temperature 173(2) K 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 
Å 
OD Xcalibur PX Ultra, 1.54184 
Å 
Crystal system, space group Orthorhombic, P2(1)2(1)2(1) Monoclinic, P2(1)/n 
Unit cell dimensions a = 13.95323(10) Å α = 90 ° 
b = 14.13698(11) Å β = 90 ° 
c = 18.09812(11) Å γ = 90 ° 
a = 15.9036(2) Å α = 90 ° 
b = 15.7130(4) Å β = 
10.3903(17) ° 
c = 21.9118(5) Å γ = 90 ° 
Volume, Z 3569.97(4) Å
3
, 4 5385.8(2) Å
3, 4 
Density (calculated) 1.435 Mg/m
3
 1.451 Mg/m
3 
Absorption coefficient 1.327 mm
-1
 3.760 mm
-1 
F(000) 1624 2416 
Crystal colour / morphology Yellow blocky needles Colourless platy needles 
Crystal size 0.28 x 0.20 x 0.12 mm
3
 0.25 x 0.08 x 0.03 mm
3 
θ range for data collection 3.97 to 72.52° 3.48 to 71.72° 
Index ranges -17<=h<=17, -17<=k<=17, -
22<=l<=19 
-18<=h<=19, -19<=k<=18, -
26<=l<=26 
Reflns collected / unique 57596 / 7057 [R(int) = 0.0374] 37770 / 10252 [R(int) = 
0.1053] 
Reflns observed [F>4σ(F)] 6900 4169 
Absorption correction Analytical Semi-empirical from 
equivalents 
Max. and min. transmission 0.912 and 0.781 1.00000 and 0.51605 
Refinement method Full-matrix least-squares on F
2 Full-matrix least-squares on F2
Data / restraints / parameters 7057 / 6 / 498 10252 / 281 / 611 
Goodness-of-fit on F2 1.092 0.904 
Final R indices [F>4σ(F)] R1 = 0.0416, wR2 = 0.1167  
R1+ = 0.0416, wR2+ = 0.1167 
R1- = 0.0432, wR2- = 0.1208 
R1 = 0.0675, wR2 = 0.1446 
R indices (all data) R1 = 0.0430, wR2 = 0.1174 R1 = 0.1564, wR2 = 0.1727 
Absolute structure parameter x+ = 0.02(5), x- = 0.98(5) - 
Largest diff. peak, hole 0.241, -0.326 eÅ
-3
 0.642, -0.596 eÅ
-3 
Mean and maximum shift/error 0.000 and 0.000 0.000 and 0.001 
Compound [L5Zn3(OAc)4] [L1Zn3(OAc)4] 
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Empirical formula [C34H48F2N4O10Zn3].1.25(C7H8
).0.125(C2H4O2) 
C42H66N4O10Zn3.C7 H8 
Formula weight 1029.55 1075.23 
Temperature 173(2) K 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/n Triclinic, P-1 
Unit cell dimensions a = 20.4196(2) Å α = 90 ° 
b = 16.18003(14) Å β = 
105.7850(13) ° 
c = 30.4433(4) Å γ = 90 ° 
a = 10.08917(16) Å α = 
76.4901(16) ° 
b = 13.7070(3) Å β = 
78.5010(13) ° 
c = 19.7768(3) Å γ = 
80.1700(15) ° 
Volume, Z 9678.85(19) Å3, 8 2583.71(8) Å3, 2 
Density (calculated) 1.413 Mg/m3 1.382 Mg/m3 
Absorption coefficient 1.539 mm-1 1.439 mm-1 
F(000) 4276 1132 
Crystal colour / morphology Colourless blocks Colourless blocks 
Crystal size 0.41 x 0.21 x 0.17 mm3 0.38 x 0.35 x 0.15 mm3 
θ range for data collection 3.76 to 32.45° 3.85 to 32.28° 
Index ranges -29<=h<=30, -24<=k<=23, -
45<=l<=44 
-14<=h<=15, -20<=k<=19, -
26<=l<=29 
Reflns collected / unique 142378 / 31663 [R(int) = 
0.0502] 
35533 / 15840 [R(int) = 
0.0275] 
Reflns observed [F>4σ(F)] 17879 12201 
Absorption correction Semi-empirical from 
equivalents 
Semi-empirical from 
equivalents 
Max. and min. transmission 1.00000 and 0.76489 1.00000 and 0.84271 
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 31663 / 154 / 1198 15840 / 178 / 639 
Goodness-of-fit on F2 1.096 1.084 
Final R indices [F>4σ(F)] R1 = 0.0463, wR2 = 0.1187 R1 = 0.0388, wR2 = 0.1002 
R indices (all data) R1 = 0.1018, wR2 = 0.1599 R1 = 0.0565, wR2 = 0.1173 
Largest diff. Peak, hole 1.451, -1.285 eÅ-3 1.002, -0.593 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 0.000 and 0.001 
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Compound [L2Zn3(OAc)4] [L3Zn3(OAc)4] 
Empirical formula C36H54N4O10Zn3.1.75C4H8O 
[solvent removed using 
SQUEEZE] 
C36H54N4O12Zn3.2.25C4H8O 
Formula weight 1025.12 1093.18 
Temperature 173(2) K 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å OD Xcalibur PX Ultra, 1.54184 
Å 
Crystal system, space group Monoclinic, P2(1)/c Triclinic, P-1 
Unit cell dimensions a = 24.2406(3) Å α = 90 ° 
b = 16.3317(2) Å β = 
114.217(1) ° 
c = 29.4556(2) Å γ = 90 ° 
a = 20.2849(5) Å α = 73.361(2) 
° 
b = 20.4982(4) Å β = 89.007(2) 
° 
c = 23.6840(6) Å γ = 61.549(2) 
° 
Volume, Z 10635.0(2) Å3, 8 8212.7(4) Å3, 6 
Density (calculated) 1.280 Mg/m3 1.326 Mg/m3 
Absorption coefficient 1.397 mm-1 2.045 mm-1 
F(000) 4304 3444 
Crystal colour / morphology Colourless blocks Colourless blocks 
Crystal size 0.49 x 0.40 x 0.16 mm3 0.23 x 0.11 x 0.05 mm3 
θ range for data collection 3.85 to 31.76° 1.97 to 62.83° 
Index ranges -35<=h<=35, -23<=k<=23, -
42<=l<=43 
-23<=h<=22, -23<=k<=17, -
25<=l<=27 
Reflns collected / unique 136789 / 33259 [R(int) = 
0.0492] 
41630 / 24994 [R(int) = 
0.0344] 
Reflns observed [F>4σ(F)] 18559 16255 
Absorption correction Semi-empirical from 
equivalents 
Semi-empirical from 
equivalents 
Max. and min. transmission 1.00000 and 0.80684 1.00000 and 0.92451 
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 33259 / 13 / 1002 24994 / 33 / 1551 
Goodness-of-fit on F2 1.163 0.935 
Final R indices [F>4σ(F)] R1 = 0.0610, wR2 = 0.2054 R1 = 0.0457, wR2 = 0.1197 
R indices (all data) R1 = 0.1013, wR2 = 0.2331 R1 = 0.0727, wR2 = 0.1294 
Largest diff. Peak, hole 0.800, -0.727 eÅ-3 0.579, -0.467 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 0.000 and 0.003 
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Compound [L1Co3(OAc)4] - II [L1Co2(OAc)3] – III 
Empirical formula C42H66Co3N4O10.C7H8 C40H63Co2N4O8.H2O.1.5C6H14 
Formula weight 1055.91 993.08 
Temperature 173(2) K 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å OD Xcalibur PX Ultra, 1.54184 
Å 
Crystal system, space group Triclinic, P-1 Monoclinic, C2/c 
Unit cell dimensions a = 10.0735(2) Å α = 77.020(2) 
° 
b = 13.7187(3) Å β = 78.813(2) 
° 
c = 19.7827(5) Å γ = 80.483(2) 
° 
a = 40.1077(18) Å α = 90 ° 
b = 11.9548(3) Å  β = 
128.183(7) ° 
c = 27.7661(12) Å γ = 90 ° 
Volume, Z 2592.12(11) Å3, 2 10464.8(12) Å3, 8 
Density (calculated) 1.353 Mg/m3 1.261 Mg/m3 
Absorption coefficient 1.006 mm-1 5.404 mm-1 
F(000) 1114 4272 
Crystal colour / morphology Purple blocks Dark green blocky needles 
Crystal size 0.2873 x 0.0960 x 0.0393 mm3 0.19 x 0.06 x 0.02 mm3 
θ range for data collection 2.74 to 31.44° 2.80 to 72.54° 
Index ranges -7<=h<=14, -19<=k<=19, -
28<=l<=27 
-48<=h<=44, -14<=k<=6, -
18<=l<=33 
Reflns collected / unique 21915 / 14298 [R(int) = 
0.0227] 
19313 / 10009 [R(int) = 
0.0265] 
Reflns observed [F>4σ(F)] 9061 8069 
Absorption correction Analytical Analytical 
Max. and min. transmission 0.960 and 0.859 0.891 and 0.622 
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 14298 / 202 / 633 10009 / 969 / 682 
Goodness-of-fit on F2 0.951 1.089 
Final R indices [F>4σ(F)] R1 = 0.0440, wR2 = 0.1130 R1 = 0.0440, wR2 = 0.1280 
R indices (all data) R1 = 0.0734, wR2 = 0.1183 R1 = 0.0542, wR2 = 0.1392 
Largest diff. Peak, hole 0.530, -0.998 eÅ-3 0.383, -0.477 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 0.000 and 0.001 
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Compound [L1Co3Br4] [L1Co3I4]  
Empirical formula C34H54Br4Co3N4O2.3C4H8O C34H54Co3I4N4O2.3C4H8O 
Formula weight 1263.55 1451.51 
Temperature 173(2) K 173(2) K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/c Monoclinic, P2(1)/c 
Unit cell dimensions a = 11.69346(15) Å α = 90 ° 
b = 20.8757(3) Å β = 
102.0342(12) ° 
c = 22.0206(2) Å γ = 90 ° 
a = 11.79263(10) Å α = 90 ° 
b = 21.62584(18) Å β = 
102.5923(9) ° 
c = 22.16086(19) Å γ = 90 ° 
Volume, Z 5257.30(11) Å3, 4 5515.64(8) Å3, 4 
Density (calculated) 1.596 Mg/m3 1.748 Mg/m3 
Absorption coefficient 4.021 mm-1 3.174 mm-1 
F(000) 2572 2860 
Crystal colour / morphology Teal blocks Brown blocks 
Crystal size 0.40 x 0.34 x 0.30 mm3 0.29 x 0.23 x 0.10 mm3 
θ range for data collection 3.00 to 32.70° 2.98 to 32.77° 
Index ranges -17<=h<=17, -21<=k<=31, -
31<=l<=33 
-17<=h<=17, -29<=k<=32, -
32<=l<=33 
Reflns collected / unique 57484 / 17821 [R(int) = 
0.0371] 
67792 / 18599 [R(int) = 
0.0234] 
Reflns observed [F>4σ(F)] 10690 14055 
Absorption correction Analytical Analytical 
Max. and min. transmission 0.414 and 0.288 0.741 and 0.511 
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 17821 / 561 / 624 18599 / 435 / 629 
Goodness-of-fit on F2 0.901 0.998 
Final R indices [F>4σ(F)] R1 = 0.0323, wR2 = 0.0664 R1 = 0.0246, wR2 = 0.0530 
R indices (all data) R1 = 0.0735, wR2 = 0.0702 R1 = 0.0403, wR2 = 0.0548 
Largest diff. Peak, hole 0.612, -0.776 eÅ-3 0.796, -0.869 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 0.000 and 0.003 
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Compound K[(L1Co2Cl2)2Cl] - 1 K[(L1Co2Cl2)2Cl] - 2  
Empirical formula C68H108Cl5Co4KN8O4.8CH2Cl2 C68H108Cl5Co4KN8O4.7.5CH2Cl
2 
Formula weight 2233.1 2190.64 
Temperature 173(2) K 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 
Å 
OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Monoclinic, P2(1)/c Orthorhombic, Pnma 
Unit cell dimensions a = 11.78965(15) Å α = 90 ° 
b = 31.1301(4) Å β = 
96.1289(13) ° 
c = 27.4398(3) Å γ = 90 ° 
a = 23.2374(5) Å α = 90 ° 
b = 30.6555(6) Å β = 90 ° 
 c = 14.1318(4) Å γ = 90 ° 
Volume, Z 10013.2(2) Å
3
, 4 10066.8(4) Å
3, 4 
Density (calculated) 1.481 Mg/m3 1.445 Mg/m3 
Absorption coefficient 11.008 mm-1 1.267 mm-1 
F(000) 4608 4524 
Crystal colour / morphology Pink blocks Dark pink prisms 
Crystal size 0.32 x 0.16 x 0.09 mm3 0.42 x 0.33 x 0.30 mm3 
θ range for data collection 2.15 to 72.56° 3.01 to 30.33° 
Index ranges -13<=h<=14, -23<=k<=36, -
31<=l<=33 
-22<=h<=31, -42<=k<=38, -
19<=l<=16 
Reflns collected / unique 36036 / 18582 [R(int) = 
0.0426] 
32133 / 13312 [R(int) = 
0.0256] 
Reflns observed [F>4σ(F)] 13181 10248 
Absorption correction Analytical Analytical 
Max. and min. transmission 0.448 and 0.150 0.769 and 0.672 
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 18582 / 58 / 1054 13312 / 166 / 623 
Goodness-of-fit on F2 1.067 1.151 
Final R indices [F>4σ(F)] R1 = 0.0803, wR2 = 0.1979 R1 = 0.0572, wR2 = 0.1392 
R indices (all data) R1 = 0.1075, wR2 = 0.2113 R1 = 0.0757, wR2 = 0.1437 
Largest diff. Peak, hole 1.533, -0.977 eÅ-3 0.968, -0.896 eÅ-3 
Mean and maximum shift/error 0.000 and 0.001 0.000 and 0.002 
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Compound [L1Co2Cl2(H2O)]  [L1Co2Cl3][HNEt3]  
Empirical formula C34H56Cl2Co2N4O3.3CH2Cl2 . 
0.25C6H14 
[C34H54Cl3Co2N4O2](C6H16N).2
CH2Cl2 
Formula weight 1033.91 1047.07 
Temperature 173(2) K 173(2) K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 
Å 
OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 Monoclinic, P2(1)/n 
Unit cell dimensions a = 12.5194(4) Å α = 98.629(3) 
° 
b = 16.7369(4) Å β = 92.456(3) 
° 
c = 24.0474(8) Å γ = 
101.372(2) ° 
a = 14.4425(2) Å α = 90 ° 
b = 21.5810(3) Å β = 
105.0867(14) ° 
c = 16.8129(2) Å γ = 90 ° 
Volume, Z 4870.3(3) Å3, 4 5059.69(12) Å3, 4 
Density (calculated) 1.410 Mg/m3 1.375 Mg/m3 
Absorption coefficient 9.677 mm-1 1.064 mm-1 
F(000) 2154 2200 
Crystal colour / morphology Pink tablets Pink blocks 
Crystal size 0.20 x 0.11 x 0.04 mm3 0.47 x 0.28 x 0.17 mm3 
θ range for data collection 1.86 to 72.51° 2.87 to 33.06° 
Index ranges -15<=h<=15, -14<=k<=20, -
27<=l<=29 
-22<=h<=20, -32<=k<=26, -
24<=l<=24 
Reflns collected / unique 37063 / 18759 [R(int) = 
0.0667] 
69133 / 17566 [R(int) = 
0.0263] 
Reflns observed [F>4σ(F)] 11259 12400 
Absorption correction Analytical Analytical 
Max. and min. transmission 0.711 and 0.235 0.890 and 0.744 
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 18759 / 678 / 1149 17566 / 5 / 543 
Goodness-of-fit on F2 1.03 0.992 
Final R indices [F>4σ(F)] R1 = 0.0761, wR2 = 0.1973 R1 = 0.0322, wR2 = 0.0803 
R indices (all data) R1 = 0.1285, wR2 = 0.2184 R1 = 0.0572, wR2 = 0.0844 
Largest diff. Peak, hole 0.866, -0.979 eÅ-3 0.601, -0.391 eÅ-3 
Mean and maximum shift/error 0.000 and 0.003 0.000 and 0.003 
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Compound [L1Co2Cl3][H-DBU]  [L1Co2Cl3][H-MTBD]  
Empirical formula [C34H54Cl3Co2N4O2](C9H17N2).
C4H8O.0.5(C6H14) 
[C34H54Cl3Co2N4O2](C8H16N3)
Formula weight 1043.46 929.26 
Temperature 173 K 173 K 
Diffractometer, wavelength OD Xcalibur 3, 0.71073 Å OD Xcalibur PX Ultra, 1.54184 
Å 
Crystal system, space group Triclinic, P-1 Monoclinic, P2(1)/n 
Unit cell dimensions a = 12.4636(4) Å α = 69.978(3) 
° 
b = 15.6121(6) Å β = 71.369(3) 
° 
c = 15.8197(5) Å γ = 85.244(3) 
° 
a = 15.0900(2) Å α = 90 °  
b = 20.2875(3) Å β = 104.0816 
(5) ° 
 c = 15.7020(2) Å γ = 90 ° 
Volume, Z 2739.42(18) Å3, 2 4662.54(11) Å3, 4 
Density (calculated) 1.265 Mg/m3 1.324 Mg/m3 
Absorption coefficient 0.796 mm-1 7.478 mm-1 
F(000) 1114 1968 
Crystal colour / morphology Pink blocks Pink platy needles 
Crystal size 0.41 x 0.24 x 0.16 mm3 0.21 x 0.13 x 0.03 mm3 
θ range for data collection 3.23 to 32.97° 3.63 to 72.56° 
Index ranges -18<=h<=16, -23<=k<=21, -
23<=l<=20 
-18<=h<=15, -24<=k<=17, -
17<=l<=19 
Reflns collected / unique 32068 / 18033 [R(int) = 
0.0189] 
22211 / 9062 [R(int) = 0.0326]
Reflns observed [F>4σ(F)] 11966 7530 
Absorption correction Analytical Analytical 
Max. and min. transmission 0.900 and 0.779 0.824 and 0.359 
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 18033 / 416 / 684 9062 / 202 / 577 
Goodness-of-fit on F2 0.927 1.072 
Final R indices [F>4σ(F)] R1 = 0.0353, wR2 = 0.0877 R1 = 0.0388, wR2 = 0.1043 
R indices (all data) R1 = 0.0614, wR2 = 0.0918 R1 = 0.0469, wR2 = 0.1072 
Largest diff. Peak, hole 0.467, -0.344 eÅ-3 0.580, -0.451 eÅ-3 
Mean and maximum shift/error 0.000 and 0.002 0.000 and 0.003 
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Compound [L1Co2Cl2(MeIm)  [L1Co2Cl2(DMAP)]  
Empirical formula C38H60Cl2Co2N6O2.2(C4H8O) C41H64Cl2Co2N6O2.4.5(CH2Cl2)
Formula weight 965.89 1243.91 
Temperature 173 K 173 K 
Diffractometer, wavelength OD Xcalibur PX Ultra, 1.54184 
Å 
OD Xcalibur 3, 0.71073 Å 
Crystal system, space group Triclinic, P-1 Monoclinic, C2/c 
Unit cell dimensions a = 11.3806(4) Å α =
96.278(3)°  
b = 13.8405(4) Å β =
96.347(3)° 
c = 15.7508(6) Å γ = 
91.870(3)° 
a = 35.3728(13) Å α = 90° 
b = 20.4934(4) Å β = 
124.046(5)°  
c = 19.9836(6) Å γ = 90° 
 
Volume, Z 2448.46(14) Å3, 2 12003.2(9) Å3, 8 
Density (calculated) 1.310 Mg/m3 1.377 Mg/m3 
Absorption coefficient 6.675 mm-1 1.082 mm-1 
F(000) 1028 5160 
Crystal colour / morphology Pale red platy needles Pink needles 
Crystal size 0.31 x 0.09 x 0.04 mm3 0.46 x 0.13 x 0.10 mm3 
θ range for data collection 2.84 to 72.48° 3.07 to 31.83° 
Index ranges -13<=h<=13, -16<=k<=17, -
19<=l<=19 
-52<=h<=52, -30<=k<=23, -
26<=l<=29 
Reflns collected / unique 17348 / 9185 [R(int) = 0.0468] 57096 / 18252 [R(int) = 
0.0239] 
Reflns observed [F>4σ(F)] 6422 11576 
Absorption correction Analytical Analytical 
Max. and min. transmission 0.795 and 0.357 0.905 and 0.716 
Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2
Data / restraints / parameters 9185 / 448 / 626 18252 / 436 / 721 
Goodness-of-fit on F2 0.994 1.013 
Final R indices [F>4σ(F)] R1 = 0.0593, wR2 = 0.1514 R1 = 0.0434, wR2 = 0.1258 
R indices (all data) R1 = 0.0883, wR2 = 0.1654 R1 = 0.0767, wR2 = 0.1319 
Largest diff. Peak, hole 1.027, -0.601 eÅ-3 0.798, -0.876 eÅ-3 
Mean and maximum shift/error 0.000 and 0.000 0.000 and 0.004 
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Full List 
Mg(1)-O(
Mg(1)-O(
Mg(1)-O(
Mg(1)-N(
Mg(1)-N(
Mg(1)-O(
Mg(1)-Mg
Mg(2)-O(
Mg(2)-O(
Mg(2)-O(
Mg(2)-N(
Mg(2)-N(
Mg(2)-O(
O(1)-C(1)
C(1)-C(2)
C(1)-C(20
C(2)-C(23
C(2)-C(3)
C(3)-N(4)
N(4)-C(5)
C(5)-C(6)
C(6)-C(24
C(6)-C(25
C(6)-C(7)
C(7)-N(8)
N(8)-C(9)
C(9)-C(10
C(10)-C(2
C(10)-C(1
C(11)-O(1
C(11)-C(1
C(12)-C(2
C(12)-C(1
C(13)-N(1
N(14)-C(1
C(15)-C(1
C(16)-C(2
C(16)-C(3
C(16)-C(1
C(17)-N(1
a g e  
of Bond Leng
1) 2.008
11) 2.026
50) 2.058
8) 2.101
4) 2.107
41) 2.274
(2) 2.871
1) 2.016
11) 2.032
60) 2.075
18) 2.103
14) 2.111
42) 2.191
 1.311
 1.423
) 1.427
) 1.406
 1.467
 1.278
 1.478
 1.537
) 1.521
) 1.537
 1.541
 1.459
 1.280
) 1.460
6) 1.406
1) 1.421
1) 1.319
2) 1.423
8) 1.409
3) 1.470
4) 1.279
5) 1.467
6) 1.533
9) 1.523
0) 1.538
7) 1.541
8) 1.470
ths and Bond
0(17) 
9(16) 
8(18) 
(2) 
4(19) 
0(18) 
3(11) 
5(17) 
8(17) 
(2) 
(2) 
(2) 
9(18) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
 Angles for [L
 
5’Mg2(NO3)
N(
C(
C(
C(
C(
C(
C(
C(
C(
N(
N(
N(
O(
O(
N(
N(
N(
O(
 
O(
O(
O(
O(
O(
O(
O(
O(
O(
N(
O(
O(
O(
N(
N(
O(
O(
O(
N(
N(
O(
(MeOH)2][NO
18)-C(19)
19)-C(20)
20)-C(21)
21)-C(22)
22)-F(22)
22)-C(23)
26)-C(27)
27)-C(28)
27)-F(27)
40)-O(43)
40)-O(42)
40)-O(41)
50)-C(51)
60)-C(61)
70)-O(73)
70)-O(72)
70)-O(71)
80)-C(81)
1)-Mg(1)-O(1
1)-Mg(1)-O(50
11)-Mg(1)-O(5
1)-Mg(1)-N(8)
11)-Mg(1)-N(8
50)-Mg(1)-N(8
1)-Mg(1)-N(4)
11)-Mg(1)-N(4
50)-Mg(1)-N(4
8)-Mg(1)-N(4)
1)-Mg(1)-O(4
11)-Mg(1)-O(4
50)-Mg(1)-O(4
8)-Mg(1)-O(4
4)-Mg(1)-O(4
1)-Mg(1)-Mg(
11)-Mg(1)-Mg
50)-Mg(1)-Mg
8)-Mg(1)-Mg(
4)-Mg(1)-Mg(
41)-Mg(1)-Mg
3] 
1.270(3) 
1.463(3) 
1.403(3) 
1.372(4) 
1.367(3) 
1.368(4) 
1.368(4) 
1.362(4) 
1.363(3) 
1.232(3) 
1.261(3) 
1.264(3) 
1.436(3) 
1.399(4) 
1.218(4) 
1.234(4) 
1.262(3) 
1.426(4) 
1)  89
)  94
0) 96
  17
)  87
)  91
  89
)  17
)  91
  93
1)  82
1) 84
1) 17
1)  92
1)  86
2)  44
(2) 45
(2) 99
2)  13
2)  13
(2) 79
Appe
 
.62(7) 
.12(7) 
.92(7) 
3.92(8) 
.06(7) 
.33(8) 
.13(7) 
1.82(8) 
.23(8) 
.43(8) 
.55(7) 
.89(7) 
6.22(7) 
.07(7) 
.94(7) 
.60(5) 
.07(5) 
.52(6) 
1.67(6) 
2.80(6) 
.40(5) 
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Appendices 
 
 
 
234 | P a g e  
 
O(1)-Mg(2)-O(11)  89.22(7) 
O(1)-Mg(2)-O(60)  95.22(8) 
O(11)-Mg(2)-O(60) 91.69(8) 
O(1)-Mg(2)-N(18)  88.21(7) 
O(11)-Mg(2)-N(18) 176.27(8) 
O(60)-Mg(2)-N(18) 91.24(8) 
O(1)-Mg(2)-N(14)  174.40(8) 
O(11)-Mg(2)-N(14) 88.19(7) 
O(60)-Mg(2)-N(14) 89.82(8) 
N(18)-Mg(2)-N(14) 94.14(8) 
O(1)-Mg(2)-O(42)  86.18(7) 
O(11)-Mg(2)-O(42) 86.55(7) 
O(60)-Mg(2)-O(42) 177.74(8) 
N(18)-Mg(2)-O(42) 90.58(7) 
N(14)-Mg(2)-O(42) 88.71(7) 
O(1)-Mg(2)-Mg(1)  44.37(5) 
O(11)-Mg(2)-Mg(1) 44.91(5) 
O(60)-Mg(2)-Mg(1) 96.58(7) 
N(18)-Mg(2)-Mg(1) 132.35(6) 
N(14)-Mg(2)-Mg(1) 132.63(6) 
O(42)-Mg(2)-Mg(1) 83.17(5) 
C(1)-O(1)-Mg(1)  127.74(14) 
C(1)-O(1)-Mg(2)  126.67(14) 
Mg(1)-O(1)-Mg(2)  91.03(7) 
O(1)-C(1)-C(2)  121.27(19) 
O(1)-C(1)-C(20)  121.05(19) 
C(2)-C(1)-C(20)  117.65(19) 
C(23)-C(2)-C(1)  120.3(2) 
C(23)-C(2)-C(3)  114.0(2) 
C(1)-C(2)-C(3)  125.7(2) 
N(4)-C(3)-C(2)  126.9(2) 
C(3)-N(4)-C(5)  116.45(18) 
C(3)-N(4)-Mg(1)  122.54(15) 
C(5)-N(4)-Mg(1)  120.96(14) 
N(4)-C(5)-C(6)  115.18(18) 
C(24)-C(6)-C(5)  111.2(2) 
C(24)-C(6)-C(25)  110.1(2) 
C(5)-C(6)-C(25)  105.99(19) 
C(24)-C(6)-C(7)  109.9(2) 
C(5)-C(6)-C(7)  113.0(2) 
C(25)-C(6)-C(7)  106.5(2) 
N(8)-C(7)-C(6)  113.06(19) 
C(9)-N(8)-C(7)  117.31(19) 
C(9)-N(8)-Mg(1)  123.25(15) 
C(7)-N(8)-Mg(1)  119.18(15) 
N(8)-C(9)-C(10)  126.1(2) 
C(26)-C(10)-C(11)  120.4(2) 
C(26)-C(10)-C(9)  114.7(2) 
C(11)-C(10)-C(9)  124.8(2) 
O(11)-C(11)-C(10)  121.2(2) 
O(11)-C(11)-C(12)  121.2(2) 
C(10)-C(11)-C(12)  117.6(2) 
C(11)-O(11)-Mg(1) 125.96(14) 
C(11)-O(11)-Mg(2) 125.11(13) 
Mg(1)-O(11)-Mg(2) 90.02(7) 
C(28)-C(12)-C(11)  120.2(2) 
C(28)-C(12)-C(13)  114.6(2) 
C(11)-C(12)-C(13)  125.1(2) 
N(14)-C(13)-C(12)  126.6(2) 
C(13)-N(14)-C(15)  117.50(19) 
C(13)-N(14)-Mg(2) 122.77(16) 
C(15)-N(14)-Mg(2 ) 119.73(15) 
N(14)-C(15)-C(16)  115.33(19) 
C(29)-C(16)-C(15)  111.1(2) 
C(29)-C(16)-C(30)  109.5(2) 
C(15)-C(16)-C(30)  106.6(2) 
C(29)-C(16)-C(17)  110.8(2)  
C(15)-C(16)-C(17)  112.7(2) 
C(30)-C(16)-C(17)  105.9(2) 
N(18)-C(17)-C(16)  114.65(19) 
C(19)-N(18)-C(17)  117.56(19) 
C(19)-N(18)-Mg(2) 123.08(15) 
C(17)-N(18)-Mg(2) 119.35(15) 
N(18)-C(19)-C(20)  127.1(2) 
C(21)-C(20)-C(1)  120.3(2) 
C(21)-C(20)-C(19)  114.9(2) 
C(1)-C(20)-C(19)  124.7(2) 
C(22)-C(21)-C(20)  119.8(2) 
F(22)-C(22)-C(23)  118.9(2) 
F(22)-C(22)-C(21)  119.0(2) 
C(23)-C(22)-C(21)  122.1(2) 
C(22)-C(23)-C(2)  119.8(2) 
C(27)-C(26)-C(10)  119.8(2) 
C(28)-C(27)-F(27)  119.1(2) 
C(28)-C(27)-C(26)  122.0(2) 
F(27)-C(27)-C(26)  118.9(2) 
C(27)-C(28)-C(12)  119.9(2) 
O(43)-N(40)-O(42)  119.7(2) 
O(43)-N(40)-O(41)  119.67(19) 
O(42)-N(40)-O(41)  120.59(19) 
N(40)-O(41)-Mg(1) 128.41(14) 
N(40)-O(42)-Mg(2) 127.64(14) 
C(51)-O(50)-Mg(1) 123.88(16) 
C(61)-O(60)-Mg(2) 133.95(18) 
O(73)-N(70)-O(72)  120.5(3) 
O(73)-N(70)-O(71)  119.1(3) 
O(72)-N(70)-O(71)  120.4(3) 
 
 
 
 
Full List of Bond Lengths and Bond Angles for [L4Zn3(OAc)4] 
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Zn(1)-O(1
Zn(1)-N(4
Zn(1)-O(3
Zn(1)-O(4
Zn(1)-N(8
Zn(1)-O(1
Zn(1)-Zn(
Zn(2)-O(1
Zn(2)-O(3
Zn(2)-N(1
Zn(2)-N(1
Zn(2)-O(4
Zn(2)-O(1
Zn(3)-O(5
Zn(3)-O(4
Zn(3)-O(4
Zn(3)-O(1
O(1)-C(1)
C(1)-C(20
C(1)-C(2)
C(2)-C(23
C(2)-C(3)
C(3)-N(4)
N(4)-C(5)
C(5)-C(6)
C(6)-C(25
C(6)-C(7)
C(6)-C(26
C(7)-N(8)
N(8)-C(9)
C(9)-C(10
C(10)-C(2
C(10)-C(1
C(11)-O(1
C(11)-C(1
C(12)-C(2
C(12)-C(1
C(13)-N(1
N(14)-C(1
a g e  
1) 2.078
) 2.105
5) 2.105
0) 2.119
) 2.130
) 2.235
2) 3.128
1) 2.079
7) 2.086
4) 2.090
8) 2.108
5) 2.131
) 2.285
0) 1.926
2) 1.955
7) 1.977
) 2.018
 1.378
) 1.379
 1.402
) 1.379
 1.509
 1.453
 1.484
 1.511
) 1.506
 1.521
) 1.549
 1.487
 1.444
) 1.541
7) 1.357
1) 1.417
1) 1.349
2) 1.403
9) 1.397
3) 1.549
4) 1.455
5) 1.476
(4) 
(5) 
(5) 
(6) 
(5) 
(4) 
9(11) 
(4) 
(5) 
(5) 
(5) 
(5) 
(4) 
(5) 
(5) 
(5) 
(5) 
(8) 
(8) 
(9) 
(9) 
(8) 
(8) 
(7) 
(10) 
(11) 
(10) 
(9) 
(7) 
(8) 
(9) 
(9) 
(9) 
(8) 
(9) 
(9) 
(8) 
(8) 
(7) 
 
C(
C(
C(
C(
C(
N(
C(
C(
C(
C(
C(
C(
C(
C(
O(
C(
C(
O(
C(
C(
O(
C(
C(
O(
C(
C(
O(
O(
C(
C(
O(
O(
C(
C(
O(
O(
C(
C(
O(
15)-C(16)
16)-C(17)
16)-C(31)
16)-C(32)
17)-N(18)
18)-C(19)
19)-C(20)
20)-C(21)
21)-C(22)
22)-C(23)
22)-Br(24)
27)-C(28)
28)-C(29)
28)-Br(30)
35)-C(36)
36)-O(37)
36)-C(38)
40)-C(41)
41)-O(42)
41)-C(43)
45)-C(46)
46)-O(47)
46)-C(48)
50)-C(51)
51)-O(52)
51)-C(53)
60)-C(63)
60)-C(61)
61)-C(62)
63)-C(64)
60A)-C(61A)
60A)-C(63A)
61A)-C(62A)
63A)-C(64A)
70)-C(73)
70)-C(71)
71)-C(72)
73)-C(74)
70A)-C(73A)
1.518(10) 
1.534(10) 
1.548(11) 
1.571(9) 
1.477(7) 
1.480(8) 
1.518(8) 
1.373(9) 
1.380(9) 
1.378(9) 
1.891(8) 
1.386(9) 
1.371(9) 
1.883(7) 
1.252(8) 
1.249(8) 
1.530(10) 
1.190(9) 
1.292(9) 
1.544(10) 
1.212(9) 
1.274(9) 
1.517(10) 
1.286(8) 
1.144(8) 
1.535(11) 
1.348(13) 
1.402(13) 
1.647(16) 
1.645(16) 
1.361(16) 
1.369(16) 
1.649(18) 
1.661(18) 
1.397(16) 
1.405(16) 
1.619(17) 
1.621(18) 
1.369(17) 
Appe
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O(70A)-C(71A)  1.372(17) 
C(71A)-C(72A)  1.662(19) 
C(73A)-C(74A)  1.643(19) 
O(70B)-C(73B)  1.364(17) 
O(70B)-C(71B)  1.372(17) 
C(71B)-C(72B)  1.653(19) 
C(73B)-C(74B)  1.636(19) 
 
O(11)-Zn(1)-N(4) 171.45(19) 
O(11)-Zn(1)-O(35) 94.22(19) 
N(4)-Zn(1)-O(35) 84.1(2) 
O(11)-Zn(1)-O(40) 94.0(2) 
N(4)-Zn(1)-O(40) 88.9(2) 
O(35)-Zn(1)-O(40) 168.72(19) 
O(11)-Zn(1)-N(8) 95.0(2) 
N(4)-Zn(1)-N(8) 93.3(2) 
O(35)-Zn(1)-N(8) 86.9(2) 
O(40)-Zn(1)-N(8) 84.7(2) 
O(11)-Zn(1)-O(1) 80.18(17) 
N(4)-Zn(1)-O(1) 91.66(18) 
O(35)-Zn(1)-O(1) 96.69(17) 
O(40)-Zn(1)-O(1) 92.33(19) 
N(8)-Zn(1)-O(1) 174.1(2) 
O(11)-Zn(1)-Zn(2) 41.19(12) 
N(4)-Zn(1)-Zn(2) 130.47(15) 
O(35)-Zn(1)-Zn(2) 77.14(12) 
O(40)-Zn(1)-Zn(2) 114.08(15) 
N(8)-Zn(1)-Zn(2) 130.19(15) 
O(1)-Zn(1)-Zn(2) 46.85(11) 
O(11)-Zn(2)-O(37) 95.24(18) 
O(11)-Zn(2)-N(14) 94.91(19) 
O(37)-Zn(2)-N(14) 90.1(2) 
O(11)-Zn(2)-N(18) 169.45(19) 
O(37)-Zn(2)-N(18) 84.2(2) 
N(14)-Zn(2)-N(18) 95.6(2) 
O(11)-Zn(2)-O(45) 95.6(2) 
O(37)-Zn(2)-O(45) 168.72(19) 
N(14)-Zn(2)-O(45) 85.8(2) 
N(18)-Zn(2)-O(45) 85.8(2) 
O(11)-Zn(2)-O(1) 78.98(17) 
O(37)-Zn(2)-O(1) 96.36(18) 
N(14)-Zn(2)-O(1) 171.5(2) 
N(18)-Zn(2)-O(1) 90.60(18) 
O(45)-Zn(2)-O(1) 88.80(18) 
O(11)-Zn(2)-Zn(1) 41.16(12) 
O(37)-Zn(2)-Zn(1) 77.97(12) 
N(14)-Zn(2)-Zn(1) 131.40(14) 
N(18)-Zn(2)-Zn(1) 128.89(14) 
O(45)-Zn(2)-Zn(1) 112.50(14) 
O(1)-Zn(2)-Zn(1) 45.52(10) 
O(50)-Zn(3)-O(42) 119.7(2) 
O(50)-Zn(3)-O(47) 99.3(2) 
O(42)-Zn(3)-O(47) 98.4(2) 
O(50)-Zn(3)-O(1) 103.1(2) 
O(42)-Zn(3)-O(1) 116.78(19) 
O(47)-Zn(3)-O(1) 119.1(2) 
C(1)-O(1)-Zn(3) 113.6(4) 
C(1)-O(1)-Zn(1) 116.9(4) 
Zn(3)-O(1)-Zn(1) 109.77(19) 
C(1)-O(1)-Zn(2) 116.3(4) 
Zn(3)-O(1)-Zn(2) 109.92(19) 
Zn(1)-O(1)-Zn(2) 87.62(16) 
O(1)-C(1)-C(20)  120.1(6) 
O(1)-C(1)-C(2)  119.8(6) 
C(20)-C(1)-C(2)  119.9(7) 
C(23)-C(2)-C(1)  119.1(6) 
C(23)-C(2)-C(3)  118.7(6) 
C(1)-C(2)-C(3)  122.0(7) 
N(4)-C(3)-C(2)  113.7(6) 
C(3)-N(4)-C(5)  110.1(5) 
C(3)-N(4)-Zn(1)  111.2(4) 
C(5)-N(4)-Zn(1)  118.0(4) 
N(4)-C(5)-C(6)  116.2(6) 
C(25)-C(6)-C(5)  111.1(7) 
C(25)-C(6)-C(7)  112.9(7) 
C(5)-C(6)-C(7)  111.8(7) 
C(25)-C(6)-C(26)  108.7(7) 
C(5)-C(6)-C(26)  105.4(7) 
C(7)-C(6)-C(26)  106.6(6) 
N(8)-C(7)-C(6)  115.4(6) 
C(9)-N(8)-C(7)  109.7(6) 
C(9)-N(8)-Zn(1)  105.9(4) 
C(7)-N(8)-Zn(1)  116.9(4) 
N(8)-C(9)-C(10)  113.5(6) 
C(27)-C(10)-C(11)  120.7(7) 
C(27)-C(10)-C(9)  118.6(6) 
C(11)-C(10)-C(9)  120.6(7) 
O(11)-C(11)-C(12)  121.6(6) 
O(11)-C(11)-C(10)  121.6(6) 
C(12)-C(11)-C(10)  116.6(7) 
C(11)-O(11)-Zn(1)  121.7(4) 
C(11)-O(11)-Zn(2)  121.5(4) 
Zn(1)-O(11)-Zn(2)  97.6(2) 
C(29)-C(12)-C(11)  120.9(6) 
C(29)-C(12)-C(13)  118.2(6) 
C(11)-C(12)-C(13)  120.2(7) 
N(14)-C(13)-C(12)  112.4(5) 
C(13)-N(14)-C(15)  109.6(5) 
C(13)-N(14)-Zn(2)  108.1(4) 
C(15)-N(14)-Zn(2)  116.4(4) 
N(14)-C(15)-C(16)  115.2(6) 
C(15)-C(16)-C(17)  111.9(7) 
C(15)-C(16)-C(31)  111.6(7) 
C(17)-C(16)-C(31)  111.9(7) 
C(15)-C(16)-C(32)  105.7(6) 
C(17)-C(16)-C(32)  105.2(6) 
C(31)-C(16)-C(32)  110.2(7) 
N(18)-C(17)-C(16)  116.4(6) 
C(17)-N(18)-C(19)  108.7(5) 
C(17)-N(18)-Zn(2)  115.3(4) 
C(19)-N(18)-Zn(2)  111.6(4) 
N(18)-C(19)-C(20)  112.4(6) 
C(21)-C(20)-C(1)  119.6(6) 
C(21)-C(20)-C(19)  117.6(6) 
C(1)-C(20)-C(19)  122.6(7) 
C(20)-C(21)-C(22)  121.0(6) 
C(23)-C(22)-C(21)  119.4(7) 
C(23)-C(22)-Br(24) 118.5(6) 
C(21)-C(22)-Br(24) 122.0(5) 
C(22)-C(23)-C(2)  120.7(7) 
C(10)-C(27)-C(28)  122.2(6) 
C(29)-C(28)-C(27)  118.2(7) 
C(29)-C(28)-Br(30) 121.7(6) 
C(27)-C(28)-Br(30) 120.0(5) 
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C(28)-C(2
C(36)-O(3
O(37)-C(3
O(37)-C(3
O(35)-C(3
C(36)-O(3
C(41)-O(4
O(40)-C(4
O(40)-C(4
O(42)-C(4
C(41)-O(4
C(46)-O(4
O(45)-C(4
O(45)-C(4
O(47)-C(4
C(46)-O(4
C(51)-O(5
O(52)-C(5
 
Full List 
Zn(1)-O(1
Zn(1)-N(8
Zn(1)-O(3
Zn(1)-N(4
Zn(1)-O(4
Zn(1)-O(1
Zn(1)-Zn(
Zn(2)-O(1
Zn(2)-O(4
Zn(2)-O(3
Zn(2)-N(1
Zn(2)-N(1
Zn(2)-O(1
Zn(3)-O(5
Zn(3)-O(4
Zn(3)-O(4
Zn(3)-O(1
O(1)-C(1)
a g e  
9)-C(12) 120.9
5)-Zn(1) 129.7
6)-O(35) 125.7
6)-C(38) 117.3
6)-C(38) 117.0
7)-Zn(2) 129.5
0)-Zn(1) 147.8
1)-O(42) 128.1
1)-C(43) 119.5
1)-C(43) 112.4
2)-Zn(3) 116.9
5)-Zn(2) 146.3
6)-O(47) 124.6
6)-C(48) 119.8
6)-C(48) 115.6
7)-Zn(3) 117.2
0)-Zn(3) 120.6
1)-O(50) 127.5
of Bond Leng
1) 2.076
) 2.093
5) 2.109
) 2.125
0) 2.147
) 2.276
2) 3.128
1) 2.058
5) 2.092
7) 2.123
8) 2.124
4) 2.130
) 2.266
0) 1.937
7) 1.941
2) 1.963
) 2.021
 1.372
(7) 
(5) 
(8) 
(7) 
(7) 
(5) 
(6) 
(8) 
(7) 
(8) 
(5) 
(5) 
(8) 
(8) 
(8) 
(5) 
(5) 
(9) 
ths and Bond
(2) 
(2) 
(2) 
(2) 
(2) 
2(19) 
0(5) 
(2) 
(2) 
(2) 
(3) 
(3) 
(2) 
(2) 
(3) 
(2) 
7(19) 
(3) 
 Angles for [L
 
O(
O(
C(
O(
O(
C(
O(
O(
C(
O(
O(
C(
O(
O(
C(
O(
O(
5Zn3(OAc)4
C(
C(
C(
C(
C(
N(
C(
C(
C(
C(
C(
N(
C(
C(
C(
O(
C(
C(
52)-C(51)-C(5
50)-C(51)-C(5
63)-O(60)-C(6
60)-C(61)-C(6
60)-C(63)-C(6
61A)-O(60A)-
60A)-C(61A)-
60A)-C(63A)-
73)-O(70)-C(7
70)-C(71)-C(7
70)-C(73)-C(7
73A)-O(70A)-
70A)-C(71A)-
70A)-C(73A)-
73B)-O(70B)-C
70B)-C(71B)-C
70B)-C(73B)-C
] 
1)-C(2)
1)-C(20)
2)-C(23)
2)-C(3)
3)-N(4)
4)-C(5)
5)-C(6)
6)-C(25)
6)-C(7)
6)-C(26)
7)-N(8)
8)-C(9)
9)-C(10)
10)-C(27)
10)-C(11)
11)-C(11)
11)-C(12)
12)-C(29)
3)  12
3)  11
1)  11
2)  10
4)  10
C(63A) 11
C(62A) 10
C(64A) 10
1)  11
2)  10
4)  10
C(71A) 11
C(72A) 10
C(74A) 10
(71B) 11
(72B) 10
(74B) 10
1.406(4) 
1.409(4) 
1.395(4) 
1.498(4) 
1.471(4) 
1.486(4) 
1.526(4) 
1.528(5) 
1.530(4) 
1.535(4) 
1.490(4) 
1.490(4) 
1.501(4) 
1.398(4) 
1.415(4) 
1.350(3) 
1.417(4) 
1.389(4) 
Appe
1.2(8) 
1.0(7) 
6.2(14) 
7.2(13) 
8.7(13) 
8(2) 
8.4(16) 
5.0(15) 
0.7(17) 
7.7(15) 
6.7(16) 
7(2) 
6.2(16) 
8.0(17) 
8(2) 
5.8(16) 
8.1(17) 
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C(12)-C(13) 1.504(4) 
C(13)-N(14) 1.458(4) 
N(14)-C(15) 1.494(4) 
C(15)-C(16) 1.518(5) 
C(16)-C(17) 1.531(5) 
C(16)-C(31) 1.535(6) 
C(16)-C(32) 1.539(5) 
C(17)-N(18) 1.476(4) 
N(18)-C(19) 1.467(4) 
C(19)-C(20) 1.493(5) 
C(20)-C(21) 1.384(4) 
C(21)-C(22) 1.377(5) 
C(22)-F(24) 1.359(4) 
C(22)-C(23) 1.363(5) 
C(27)-C(28) 1.350(5) 
C(28)-F(30) 1.370(4) 
C(28)-C(29) 1.393(5) 
O(35)-C(36) 1.255(4) 
C(36)-O(37) 1.253(4) 
C(36)-C(38) 1.507(4) 
O(40)-C(41) 1.246(4) 
C(41)-O(42) 1.260(4) 
C(41)-C(43) 1.515(4) 
O(45)-C(46) 1.229(4) 
C(46)-O(47) 1.268(4) 
C(46)-C(48) 1.505(5) 
O(50)-C(51) 1.281(4) 
C(51)-O(52) 1.220(4) 
C(51)-C(53) 1.520(5) 
Zn(1')-N(8') 2.081(3) 
Zn(1')-O(11') 2.083(2) 
Zn(1')-O(35') 2.104(2) 
Zn(1')-N(4') 2.128(2) 
Zn(1')-O(40') 2.162(2) 
Zn(1')-O(1') 2.279(2) 
Zn(1')-Zn(2') 3.1298(5) 
Zn(2')-O(11') 2.063(2) 
Zn(2')-O(37') 2.101(2) 
Zn(2')-O(45') 2.119(2) 
Zn(2')-N(14') 2.123(3) 
Zn(2')-N(18') 2.132(3) 
Zn(2')-O(1') 2.265(2) 
Zn(3')-O(50B) 1.931(7) 
Zn(3')-O(47') 1.933(3) 
Zn(3')-O(50') 1.953(5) 
Zn(3')-O(42') 1.963(2) 
Zn(3')-O(1') 2.035(2) 
O(1')-C(1') 1.369(3) 
C(1')-C(20') 1.397(4) 
C(1')-C(2') 1.398(4) 
C(2')-C(23') 1.394(4) 
C(2')-C(3') 1.499(4) 
C(3')-N(4') 1.485(4) 
N(4')-C(5') 1.477(4) 
C(5')-C(6') 1.534(4) 
C(6')-C(25') 1.518(5) 
C(6')-C(7') 1.534(5) 
C(6')-C(26') 1.542(4) 
C(7')-N(8') 1.480(4) 
N(8')-C(9') 1.486(4) 
C(9')-C(10') 1.500(4) 
C(10')-C(27') 1.391(4) 
C(10')-C(11') 1.408(4) 
O(11')-C(11') 1.349(4) 
C(11')-C(12') 1.419(4) 
C(12')-C(29') 1.398(5) 
C(12')-C(13') 1.506(5) 
C(13')-N(14') 1.479(4) 
N(14')-C(15') 1.490(4) 
C(15')-C(16') 1.526(5) 
C(16')-C(17') 1.527(5) 
C(16')-C(32') 1.530(5) 
C(16')-C(31') 1.540(5) 
C(17')-N(18') 1.473(4) 
N(18')-C(19') 1.479(4) 
C(19')-C(20') 1.500(4) 
C(20')-C(21') 1.412(4) 
C(21')-C(22') 1.357(5) 
C(22')-C(23') 1.359(5) 
C(22')-F(24') 1.377(4) 
C(27')-C(28') 1.366(5) 
C(28')-C(29') 1.360(5) 
C(28')-F(30') 1.382(4) 
O(35')-C(36') 1.247(4) 
C(36')-O(37') 1.250(4) 
C(36')-C(38') 1.508(5) 
O(40')-C(41') 1.238(4) 
C(41')-O(42') 1.270(4) 
C(41')-C(43') 1.504(5) 
O(45')-C(46') 1.242(4) 
C(46')-O(47') 1.258(5) 
C(46')-C(48') 1.499(5) 
O(50')-C(51') 1.167(7) 
C(51')-O(52') 1.218(7) 
C(51')-C(53') 1.515(8) 
O(50B)-C(51B) 1.256(9) 
C(51B)-O(52B) 1.183(9) 
C(51B)-C(53B) 1.528(9) 
 
O(11)-Zn(1)-N(8) 94.98(8) 
O(11)-Zn(1)-O(35) 93.31(8) 
N(8)-Zn(1)-O(35) 90.84(9) 
O(11)-Zn(1)-N(4) 170.91(8) 
N(8)-Zn(1)-N(4) 93.55(9) 
O(35)-Zn(1)-N(4) 83.41(9) 
O(11)-Zn(1)-O(40) 94.25(8) 
N(8)-Zn(1)-O(40) 87.47(9) 
O(35)-Zn(1)-O(40) 172.37(9) 
N(4)-Zn(1)-O(40) 89.26(9) 
O(11)-Zn(1)-O(1) 81.27(7) 
N(8)-Zn(1)-O(1) 174.66(8) 
O(35)-Zn(1)-O(1) 93.17(8) 
N(4)-Zn(1)-O(1) 90.42(8) 
O(40)-Zn(1)-O(1) 89.01(8) 
O(11)-Zn(2)-O(45) 95.04(9) 
O(11)-Zn(2)-O(37) 94.10(8) 
O(45)-Zn(2)-O(37) 168.92(9) 
O(11)-Zn(2)-N(18) 171.92(9) 
O(45)-Zn(2)-N(18) 88.89(10) 
O(37)-Zn(2)-N(18) 82.84(10) 
O(11)-Zn(2)-N(14) 95.36(9) 
O(45)-Zn(2)-N(14) 86.24(10) 
O(37)-Zn(2)-N(14) 86.69(10) 
N(18)-Zn(2)-N(14) 91.94(10) 
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O(11)-Zn(2)-O(1) 81.89(7) 
O(45)-Zn(2)-O(1) 93.50(8) 
O(37)-Zn(2)-O(1) 93.97(8) 
N(18)-Zn(2)-O(1) 90.83(8) 
N(14)-Zn(2)-O(1) 177.21(9) 
O(50)-Zn(3)-O(47) 104.15(12) 
O(50)-Zn(3)-O(42) 119.28(10) 
O(47)-Zn(3)-O(42) 97.97(11) 
O(50)-Zn(3)-O(1) 103.59(9) 
O(47)-Zn(3)-O(1) 113.86(10) 
O(42)-Zn(3)-O(1) 117.51(8) 
C(1)-O(1)-Zn(3) 114.07(16) 
C(1)-O(1)-Zn(2) 114.91(16) 
Zn(3)-O(1)-Zn(2) 111.72(9) 
C(1)-O(1)-Zn(1) 115.45(17) 
Zn(3)-O(1)-Zn(1) 110.79(8) 
Zn(2)-O(1)-Zn(1) 87.05(7) 
O(1)-C(1)-C(2) 120.1(3) 
O(1)-C(1)-C(20) 120.7(3) 
C(2)-C(1)-C(20) 119.1(3) 
C(23)-C(2)-C(1) 119.6(3) 
C(23)-C(2)-C(3) 119.0(3) 
C(1)-C(2)-C(3) 121.2(3) 
N(4)-C(3)-C(2) 112.8(2) 
C(3)-N(4)-C(5) 110.1(2) 
C(3)-N(4)-Zn(1) 112.15(18) 
C(5)-N(4)-Zn(1) 116.08(18) 
N(4)-C(5)-C(6) 114.0(2) 
C(5)-C(6)-C(25) 111.8(3) 
C(5)-C(6)-C(7) 111.5(3) 
C(25)-C(6)-C(7) 111.1(3) 
C(5)-C(6)-C(26) 106.5(3) 
C(25)-C(6)-C(26) 109.6(3) 
C(7)-C(6)-C(26) 106.1(3) 
N(8)-C(7)-C(6) 115.5(2) 
C(9)-N(8)-C(7) 109.4(2) 
C(9)-N(8)-Zn(1) 107.06(18) 
C(7)-N(8)-Zn(1) 116.56(17) 
N(8)-C(9)-C(10) 112.8(2) 
C(27)-C(10)-C(11) 120.5(3) 
C(27)-C(10)-C(9) 117.9(3) 
C(11)-C(10)-C(9) 121.5(3) 
C(11)-O(11)-Zn(2) 122.94(18) 
C(11)-O(11)-Zn(1) 121.60(17) 
Zn(2)-O(11)-Zn(1) 98.34(8) 
O(11)-C(11)-C(10) 120.7(3) 
O(11)-C(11)-C(12) 121.4(3) 
C(10)-C(11)-C(12) 117.7(3) 
C(29)-C(12)-C(11) 120.4(3) 
C(29)-C(12)-C(13) 117.2(3) 
C(11)-C(12)-C(13) 121.7(3) 
N(14)-C(13)-C(12) 115.1(3) 
C(13)-N(14)-C(15) 109.2(3) 
C(13)-N(14)-Zn(2) 107.33(19) 
C(15)-N(14)-Zn(2) 116.5(2) 
N(14)-C(15)-C(16) 115.9(3) 
C(15)-C(16)-C(17) 111.0(3) 
C(15)-C(16)-C(31) 112.3(3) 
C(17)-C(16)-C(31) 110.5(3) 
C(15)-C(16)-C(32) 106.5(3) 
C(17)-C(16)-C(32) 106.1(3) 
C(31)-C(16)-C(32) 110.2(3) 
N(18)-C(17)-C(16)  114.5(3) 
C(19)-N(18)-C(17)  110.0(2) 
C(19)-N(18)-Zn(2)  111.63(19) 
C(17)-N(18)-Zn(2)  114.8(2) 
N(18)-C(19)-C(20)  113.1(3) 
C(21)-C(20)-C(1)  119.7(3) 
C(21)-C(20)-C(19)  119.4(3) 
C(1)-C(20)-C(19)  120.7(3) 
C(22)-C(21)-C(20)  119.4(3) 
F(24)-C(22)-C(23)  119.0(3) 
F(24)-C(22)-C(21)  118.8(3) 
C(23)-C(22)-C(21)  122.2(3) 
C(22)-C(23)-C(2)  119.4(3) 
C(28)-C(27)-C(10)  119.7(3) 
C(27)-C(28)-F(30)  119.6(3) 
C(27)-C(28)-C(29)  122.1(3) 
F(30)-C(28)-C(29)  118.3(3) 
C(12)-C(29)-C(28)  119.0(3) 
C(36)-O(35)-Zn(1)  130.5(2) 
O(37)-C(36)-O(35)  125.5(3) 
O(37)-C(36)-C(38)  117.2(3) 
O(35)-C(36)-C(38)  117.3(3) 
C(36)-O(37)-Zn(2)  128.56(19) 
C(41)-O(40)-Zn(1)  148.0(2) 
O(40)-C(41)-O(42)  125.1(3) 
O(40)-C(41)-C(43)  118.9(3) 
O(42)-C(41)-C(43)  116.0(3)  
C(41)-O(42)-Zn(3)  117.6(2) 
C(46)-O(45)-Zn(2)  142.1(2) 
O(45)-C(46)-O(47)  125.1(3) 
O(45)-C(46)-C(48)  118.6(4) 
O(47)-C(46)-C(48)  116.3(3) 
C(46)-O(47)-Zn(3)  125.6(2) 
C(51)-O(50)-Zn(3)  113.7(2) 
O(52)-C(51)-O(50)  124.3(3) 
O(52)-C(51)-C(53)  119.9(3) 
O(50)-C(51)-C(53)  115.7(3) 
N(8')-Zn(1')-O(11')  94.79(9) 
N(8')-Zn(1')-O(35')  91.37(10) 
O(11')-Zn(1')-O(35') 95.20(9) 
N(8')-Zn(1')-N(4')  94.84(10) 
O(11')-Zn(1')-N(4')  170.12(9) 
O(35')-Zn(1')-N(4')  82.35(10) 
N(8')-Zn(1')-O(40')  86.91(10) 
O(11')-Zn(1')-O(40') 94.84(9) 
O(35')-Zn(1')-O(40') 169.92(9) 
N(4')-Zn(1')-O(40')  87.90(10) 
N(8')-Zn(1')-O(1')  173.63(9) 
O(11')-Zn(1')-O(1')  80.27(8) 
O(35')-Zn(1')-O(1')  93.07(8) 
N(4')-Zn(1')-O(1')  90.28(8) 
O(40')-Zn(1')-O(1')  89.50(8) 
O(11')-Zn(2')-O(37') 95.48(9) 
O(11')-Zn(2')-O(45') 94.35(9) 
O(37')-Zn(2')-O(45') 168.78(9) 
O(11')-Zn(2')-N(14') 95.27(10) 
O(37')-Zn(2')-N(14') 87.18(10) 
O(45')-Zn(2')-N(14') 86.54(10) 
O(11')-Zn(2')-N(18') 171.88(9) 
O(37')-Zn(2')-N(18') 80.85(10) 
O(45')-Zn(2')-N(18') 90.05(9) 
N(14')-Zn(2')-N(18') 91.80(10) 
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O(11')-Zn(2')-O(1')  81.01(8) 
O(37')-Zn(2')-O(1')  94.62(8) 
O(45')-Zn(2')-O(1')  92.24(8) 
N(14')-Zn(2')-O(1')  176.00(9) 
N(18')-Zn(2')-O(1')  92.02(9) 
O(50B)-Zn(3')-O(47') 136.7(4) 
O(50B)-Zn(3')-O(50') 46.7(4) 
O(47')-Zn(3')-O(50') 99.7(2) 
O(50B)-Zn(3')-O(42') 86.8(3) 
O(47')-Zn(3')-O(42') 94.43(12) 
O(50')-Zn(3')-O(42') 122.0(2) 
O(50B)-Zn(3')-O(1') 103.2(3) 
O(47')-Zn(3')-O(1')  112.66(11) 
O(50')-Zn(3')-O(1')  104.19(16) 
O(42')-Zn(3')-O(1')  121.18(9) 
C(1')-O(1')-Zn(3')  114.87(17) 
C(1')-O(1')-Zn(2')  115.70(17) 
Zn(3')-O(1')-Zn(2')  111.63(9) 
C(1')-O(1')-Zn(1')  115.97(17) 
Zn(3')-O(1')-Zn(1')  108.37(9) 
Zn(2')-O(1')-Zn(1')  87.07(7) 
O(1')-C(1')-C(20')  120.0(3) 
O(1')-C(1')-C(2')  120.4(3) 
C(20')-C(1')-C(2')  119.5(3) 
C(23')-C(2')-C(1')  119.7(3) 
C(23')-C(2')-C(3')  118.9(3) 
C(1')-C(2')-C(3')  121.3(3) 
N(4')-C(3')-C(2')  112.1(2) 
C(5')-N(4')-C(3')  110.5(2) 
C(5')-N(4')-Zn(1')  116.33(19) 
C(3')-N(4')-Zn(1')  111.60(18) 
N(4')-C(5')-C(6')  113.6(3) 
C(25')-C(6')-C(5')  111.8(3) 
C(25')-C(6')-C(7')  111.6(3) 
C(5')-C(6')-C(7')  111.3(3) 
C(25')-C(6')-C(26')  109.2(3) 
C(5')-C(6')-C(26')  106.5(3) 
C(7')-C(6')-C(26')  106.2(3) 
N(8')-C(7')-C(6')  115.1(3) 
C(7')-N(8')-C(9')  108.9(2) 
C(7')-N(8')-Zn(1')  116.31(19) 
C(9')-N(8')-Zn(1')  106.87(19) 
N(8')-C(9')-C(10')  112.5(3) 
C(27')-C(10')-C(11') 120.6(3) 
C(27')-C(10')-C(9')  117.1(3) 
C(11')-C(10')-C(9')  122.1(3) 
C(11')-O(11')-Zn(2') 123.52(19) 
C(11')-O(11')-Zn(1') 121.54(19) 
Zn(2')-O(11')-Zn(1') 98.06(9) 
O(11')-C(11')-C(10') 120.7(3) 
O(11')-C(11')-C(12') 121.1(3) 
C(10')-C(11')-C(12') 117.9(3) 
C(29')-C(12')-C(11') 119.7(3) 
C(29')-C(12')-C(13') 117.1(3) 
C(11')-C(12')-C(13') 122.7(3) 
N(14')-C(13')-C(12') 114.9(3) 
C(13')-N(14')-C(15') 108.3(2) 
C(13')-N(14')-Zn(2') 107.8(2) 
C(15')-N(14')-Zn(2') 115.9(2) 
N(14')-C(15')-C(16') 115.3(3) 
C(15')-C(16')-C(17') 111.4(3) 
C(15')-C(16')-C(32') 106.6(3) 
C(17')-C(16')-C(32') 106.0(3) 
C(15')-C(16')-C(31') 111.2(3) 
C(17')-C(16')-C(31') 112.0(3) 
C(32')-C(16')-C(31') 109.4(3) 
N(18')-C(17')-C(16') 115.6(3) 
C(17')-N(18')-C(19') 109.5(2) 
C(17')-N(18')-Zn(2') 117.7(2) 
C(19')-N(18')-Zn(2') 109.60(19) 
N(18')-C(19')-C(20') 112.7(3) 
C(1')-C(20')-C(21')  119.4(3) 
C(1')-C(20')-C(19')  122.7(3) 
C(21')-C(20')-C(19') 117.9(3) 
C(22')-C(21')-C(20') 118.5(3) 
C(21')-C(22')-C(23') 123.4(3) 
C(21')-C(22')-F(24') 118.0(3) 
C(23')-C(22')-F(24') 118.6(3) 
C(22')-C(23')-C(2')  119.0(3) 
C(28')-C(27')-C(10') 119.2(3) 
C(29')-C(28')-C(27') 122.5(3) 
C(29')-C(28')-F(30') 119.1(3) 
C(27')-C(28')-F(30') 118.3(3) 
C(28')-C(29')-C(12') 119.6(3) 
C(36')-O(35')-Zn(1') 129.8(2) 
O(35')-C(36')-O(37') 126.0(3) 
O(35')-C(36')-C(38') 117.0(3) 
O(37')-C(36')-C(38') 117.0(3) 
C(36')-O(37')-Zn(2') 128.4(2) 
C(41')-O(40')-Zn(1') 153.4(2) 
O(40')-C(41')-O(42') 123.7(3) 
O(40')-C(41')-C(43') 119.6(3) 
O(42')-C(41')-C(43') 116.6(3) 
C(41')-O(42')-Zn(3') 116.4(2) 
C(46')-O(45')-Zn(2') 134.7(2) 
O(45')-C(46')-O(47') 124.4(3) 
O(45')-C(46')-C(48') 119.8(3) 
O(47')-C(46')-C(48') 115.8(3) 
C(46')-O(47')-Zn(3') 125.6(2) 
C(51')-O(50')-Zn(3') 110.4(5) 
O(50')-C(51')-O(52') 124.6(9) 
O(50')-C(51')-C(53') 116.4(8) 
O(52')-C(51')-C(53') 118.5(10) 
C(51B)-O(50B)-Zn(3') 121.1(9) 
O(52B)-C(51B)-O(50B) 126.9(13) 
O(52B)-C(51B)-C(53B) 121.2(13) 
O(50B)-C(51B)-C(53B)  111.4(11) 
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Zn(1)-O(1
Zn(1)-N(8
Zn(1)-N(4
Zn(1)-O(4
Zn(1)-O(4
Zn(1)-O(1
Zn(2)-O(4
Zn(2)-O(1
Zn(2)-O(5
Zn(2)-N(1
Zn(2)-N(1
Zn(2)-O(1
Zn(3)-O(5
Zn(3)-O(5
Zn(3)-O(1
Zn(3)-O(4
O(1)-C(1)
C(1)-C(2)
C(1)-C(20
C(2)-C(23
C(2)-C(3)
C(3)-N(4)
N(4)-C(5)
C(5)-C(6)
C(6)-C(28
C(6)-C(7)
C(6)-C(29
C(7)-N(8)
N(8)-C(9)
C(9)-C(10
C(10)-C(3
C(10)-C(1
C(11)-O(1
C(11)-C(1
C(12)-C(3
C(12)-C(1
C(13)-N(1
N(14)-C(1
C(15)-C(1
a g e  
1) 2.058
) 2.092
) 2.128
5) 2.130
0) 2.149
) 2.284
2) 2.087
1) 2.100
0) 2.111
4) 2.128
8) 2.132
) 2.202
2) 1.935
5) 1.952
) 1.988
5) 2.024
 1.367
 1.395
) 1.403
) 1.394
 1.513
 1.470
 1.482
 1.534
) 1.523
 1.528
) 1.533
 1.481
 1.484
) 1.502
0) 1.394
1) 1.406
1) 1.348
2) 1.412
2) 1.392
3) 1.498
4) 1.482
5) 1.476
6) 1.528
7(14) 
3(17) 
4(17) 
9(15) 
1(15) 
3(14) 
3(15) 
3(13) 
2(15) 
6(18) 
0(17) 
7(14) 
4(18) 
1(18) 
4(14) 
4(15) 
(2) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(2) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
 
C(
C(
C(
C(
N(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
O(
C(
C(
O(
C(
C(
O(
C(
C(
O(
C(
C(
 
O(
O(
N(
16)-C(37)
16)-C(17)
16)-C(38)
17)-N(18)
18)-C(19)
19)-C(20)
20)-C(21)
21)-C(22)
22)-C(23)
22)-C(24)
22)-C(24')
24)-C(26)
24)-C(27)
24)-C(25)
24')-C(26')
24')-C(25')
24')-C(27')
30)-C(31)
31)-C(32)
31)-C(33)
33)-C(34)
33)-C(35)
33)-C(36)
40)-C(41)
41)-O(42)
41)-C(43)
45)-C(46)
46)-O(47)
46)-C(48)
50)-C(51)
51)-O(52)
51)-C(53)
55)-C(56)
56)-O(57)
56)-C(58)
11)-Zn(1)-N(8
11)-Zn(1)-N(4
8)-Zn(1)-N(4)
1.528(4) 
1.529(3) 
1.538(3) 
1.475(3) 
1.481(3) 
1.497(3) 
1.393(3) 
1.390(3) 
1.394(3) 
1.529(4) 
1.562(8) 
1.503(6) 
1.513(7) 
1.516(8) 
1.496(9) 
1.520(9) 
1.531(9) 
1.385(3) 
1.395(3) 
1.533(3) 
1.517(4) 
1.523(4) 
1.534(4) 
1.253(3) 
1.250(3) 
1.508(3) 
1.301(2) 
1.208(3) 
1.508(3) 
1.245(3) 
1.268(3) 
1.503(3) 
1.261(3) 
1.207(3) 
1.525(4) 
) 95.92(6) 
) 169.89(6) 
91.25(6) 
Appe
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O(11)-Zn(1)-O(45) 91.27(6) 
N(8)-Zn(1)-O(45) 108.61(6) 
N(4)-Zn(1)-O(45) 93.18(7) 
O(11)-Zn(1)-O(40) 92.89(6) 
N(8)-Zn(1)-O(40) 84.88(6) 
N(4)-Zn(1)-O(40) 80.64(6) 
O(45)-Zn(1)-O(40) 165.40(6) 
O(11)-Zn(1)-O(1) 82.21(5) 
N(8)-Zn(1)-O(1) 174.77(6) 
N(4)-Zn(1)-O(1) 90.03(6) 
O(45)-Zn(1)-O(1) 76.37(5) 
O(40)-Zn(1)-O(1) 90.33(5) 
O(42)-Zn(2)-O(11) 94.53(6) 
O(42)-Zn(2)-O(50) 170.93(6) 
O(11)-Zn(2)-O(50) 94.04(6) 
O(42)-Zn(2)-N(14) 88.84(7) 
O(11)-Zn(2)-N(14) 93.56(6) 
O(50)-Zn(2)-N(14) 87.68(7) 
O(42)-Zn(2)-N(18) 83.07(6) 
O(11)-Zn(2)-N(18) 173.99(6) 
O(50)-Zn(2)-N(18) 88.68(6) 
N(14)-Zn(2)-N(18) 91.91(7) 
O(42)-Zn(2)-O(1) 93.40(6) 
O(11)-Zn(2)-O(1) 83.28(5) 
O(50)-Zn(2)-O(1) 90.54(6) 
N(14)-Zn(2)-O(1) 176.26(6) 
N(18)-Zn(2)-O(1) 91.34(6) 
O(52)-Zn(3)-O(55) 120.84(8) 
O(52)-Zn(3)-O(1) 118.16(6) 
O(55)-Zn(3)-O(1) 115.43(7) 
O(52)-Zn(3)-O(45) 105.10(7) 
O(55)-Zn(3)-O(45) 101.87(7) 
O(1)-Zn(3)-O(45) 85.82(6) 
C(1)-O(1)-Zn(3) 120.03(12) 
C(1)-O(1)-Zn(2) 116.62(11) 
Zn(3)-O(1)-Zn(2) 111.94(6) 
C(1)-O(1)-Zn(1) 117.51(11) 
Zn(3)-O(1)-Zn(1) 96.79(5) 
Zn(2)-O(1)-Zn(1) 87.86(5) 
O(1)-C(1)-C(2) 121.21(17) 
O(1)-C(1)-C(20) 120.12(17) 
C(2)-C(1)-C(20) 118.67(18) 
C(23)-C(2)-C(1) 119.42(19) 
C(23)-C(2)-C(3) 119.03(19) 
C(1)-C(2)-C(3) 121.47(18) 
N(4)-C(3)-C(2) 112.95(17) 
C(3)-N(4)-C(5) 110.80(16) 
C(3)-N(4)-Zn(1) 113.39(13) 
C(5)-N(4)-Zn(1) 114.65(12) 
N(4)-C(5)-C(6) 113.66(17) 
C(28)-C(6)-C(7) 111.49(19) 
C(28)-C(6)-C(29) 109.1(2) 
C(7)-C(6)-C(29) 106.08(18) 
C(28)-C(6)-C(5) 110.71(18) 
C(7)-C(6)-C(5) 112.48(18) 
C(29)-C(6)-C(5) 106.76(18) 
N(8)-C(7)-C(6) 115.45(16) 
C(7)-N(8)-C(9) 109.16(15) 
C(7)-N(8)-Zn(1) 119.29(13) 
C(9)-N(8)-Zn(1) 108.48(12) 
N(8)-C(9)-C(10) 114.25(16) 
C(30)-C(10)-C(11) 120.51(19) 
C(30)-C(10)-C(9)  117.00(18) 
C(11)-C(10)-C(9)  122.16(18) 
O(11)-C(11)-C(10)  122.32(17) 
O(11)-C(11)-C(12)  120.69(17) 
C(10)-C(11)-C(12)  116.87(18) 
C(11)-O(11)-Zn(1)  121.91(12) 
C(11)-O(11)-Zn(2)  121.51(12) 
Zn(1)-O(11)-Zn(2)  96.94(5) 
C(32)-C(12)-C(11)  120.27(19) 
C(32)-C(12)-C(13)  118.45(19) 
C(11)-C(12)-C(13)  121.17(18) 
N(14)-C(13)-C(12)  113.04(17) 
C(15)-N(14)-C(13)  109.30(17) 
C(15)-N(14)-Zn(2)  117.37(14) 
C(13)-N(14)-Zn(2)  107.41(13) 
N(14)-C(15)-C(16)  115.40(19) 
C(37)-C(16)-C(15)  111.5(2) 
C(37)-C(16)-C(17)  111.4(2) 
C(15)-C(16)-C(17)  111.34(19) 
C(37)-C(16)-C(38)  109.7(2) 
C(15)-C(16)-C(38)  106.4(2) 
C(17)-C(16)-C(38)  106.2(2) 
N(18)-C(17)-C(16)  114.66(18) 
C(17)-N(18)-C(19)  110.67(16) 
C(17)-N(18)-Zn(2)  116.50(13) 
C(19)-N(18)-Zn(2)  110.83(12) 
N(18)-C(19)-C(20)  111.48(16) 
C(21)-C(20)-C(1)  119.70(19) 
C(21)-C(20)-C(19)  119.53(18) 
C(1)-C(20)-C(19)  120.73(17) 
C(22)-C(21)-C(20)  122.07(19) 
C(21)-C(22)-C(23)  116.75(19) 
C(21)-C(22)-C(24)  125.0(3) 
C(23)-C(22)-C(24)  117.7(3) 
C(21)-C(22)-C(24')  116.0(3) 
C(23)-C(22)-C(24')  126.7(3) 
C(24)-C(22)-C(24')  16.9(3) 
C(22)-C(23)-C(2)  122.4(2) 
C(26)-C(24)-C(27)  109.5(5) 
C(26)-C(24)-C(25)  108.3(5) 
C(27)-C(24)-C(25)  107.4(5) 
C(26)-C(24)-C(22)  111.6(4) 
C(27)-C(24)-C(22)  105.2(4) 
C(25)-C(24)-C(22)  114.6(4) 
C(26')-C(24')-C(25') 109.8(7) 
C(26')-C(24')-C(27') 108.3(6) 
C(25')-C(24')-C(27') 107.9(6) 
C(26')-C(24')-C(22) 105.5(6) 
C(25')-C(24')-C(22) 114.8(6) 
C(27')-C(24')-C(22) 110.5(5) 
C(31)-C(30)-C(10)  122.91(19) 
C(30)-C(31)-C(32)  115.95(19) 
C(30)-C(31)-C(33)  123.0(2) 
C(32)-C(31)-C(33)  120.99(19) 
C(12)-C(32)-C(31)  122.9(2) 
C(34)-C(33)-C(35)  109.1(2) 
C(34)-C(33)-C(31)  112.6(2) 
C(35)-C(33)-C(31)  110.2(2) 
C(34)-C(33)-C(36)  107.9(2) 
C(35)-C(33)-C(36)  109.3(2) 
C(31)-C(33)-C(36)  107.74(19) 
C(41)-O(40)-Zn(1)  129.42(14) 
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O(42)-C(4
O(42)-C(4
O(40)-C(4
C(41)-O(4
C(46)-O(4
C(46)-O(4
Zn(3)-O(4
O(47)-C(4
O(47)-C(4
O(45)-C(4
C(51)-O(5
O(50)-C(5
 
Full List 
a g e  
1)-O(40) 125.5
1)-C(43) 117.8
1)-C(43) 116.6
2)-Zn(2) 128.4
5)-Zn(3) 127.1
5)-Zn(1) 131.6
5)-Zn(1) 100.7
6)-O(45) 123.2
6)-C(48) 121.0
6)-C(48) 115.8
0)-Zn(2) 144.9
1)-O(52) 125.5
of Bond Leng
6(19) 
(2) 
(2) 
7(14) 
9(14) 
0(14) 
4(6) 
(2) 
(2) 
(2) 
1(15) 
(2) 
ths and Bond Angles for [L
[L
 
O(
O(
C(
C(
O(
O(
O(
O(
O(
C(
 
2Zn3(OAc)4
2Zn3(OAc)4]
 
50)-C(51)-C(5
52)-C(51)-C(5
51)-O(52)-Zn(
56)-O(55)-Zn(
57)-C(56)-O(5
57)-C(56)-C(5
55)-C(56)-C(5
57)-C(56)-Zn(
55)-C(56)-Zn(
58)-C(56)-Zn(
] 
-I 
3) 117.7(2) 
3) 116.8(2) 
3) 120.82(14) 
3) 104.39(15) 
5) 123.9(2) 
8) 121.5(3) 
8) 114.6(2) 
3) 76.57(17) 
3) 47.29(12) 
3) 161.8(2) 
Appe
 
ndices 
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Zn(1)-N(8
Zn(1)-O(1
Zn(1)-N(4
Zn(1)-O(4
Zn(1)-O(4
Zn(1)-O(4
Zn(1)-O(1
Zn(2)-O(1
Zn(2)-O(4
Zn(2)-N(1
Zn(2)-N(1
Zn(2)-O(5
Zn(2)-O(1
Zn(3)-O(5
Zn(3)-O(1
Zn(3)-O(4
Zn(3)-O(5
Zn(3)-O(5
Zn(3A)-O
Zn(3A)-O
Zn(3A)-O
Zn(3A)-O
Zn(3A)-O
O(1)-C(1)
C(1)-C(2)
C(1)-C(20
C(2)-C(23
C(2)-C(3)
C(3)-N(4)
N(4)-C(5)
C(5)-C(6)
C(6)-C(25
C(6)-C(7)
a g e  
) 2.074
1) 2.093
) 2.106
0) 2.125
5) 2.177
5A) 2.22(
) 2.232
1) 2.054
2) 2.104
4) 2.119
8) 2.120
0) 2.164
) 2.215
2) 1.955
) 1.974
5) 2.012
5) 2.034
7) 2.361
(52A) 1.83(
(55) 1.913
(57) 1.938
(47A) 2.04(
(1) 2.330
 1.373
 1.395
) 1.416
) 1.407
 1.512
 1.477
 1.455
 1.535
) 1.511
 1.533
(3) 
(3) 
(3) 
(3) 
(3) 
2) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(4) 
(3) 
(4) 
3) 
(6) 
(7) 
3) 
(7) 
(4) 
(5) 
(5) 
(6) 
(6) 
(5) 
(5) 
(6) 
(7) 
(6) 
[L
 
 
2Zn3(OAc)4]
C(
C(
N(
C(
C(
C(
C(
C(
C(
C(
C(
N(
C(
C(
C(
C(
C(
N(
C(
C(
C(
C(
C(
C(
C(
C(
O(
C(
C(
O(
C(
C(
O(
-II 
6)-C(26)
7)-N(8)
8)-C(9)
9)-C(10)
10)-C(27)
10)-C(11)
11)-O(11)
11)-C(12)
12)-C(29)
12)-C(13)
13)-N(14)
14)-C(15)
15)-C(16)
16)-C(31)
16)-C(17)
16)-C(32)
17)-N(18)
18)-C(19)
19)-C(20)
20)-C(21)
21)-C(22)
22)-C(23)
22)-C(24)
27)-C(28)
28)-C(29)
28)-C(30)
40)-C(41)
41)-O(42)
41)-C(43)
45)-C(46)
46)-O(47)
46)-C(48)
50)-C(51A)
1.541(6) 
1.489(5) 
1.492(5) 
1.492(5) 
1.398(5) 
1.403(5) 
1.351(4) 
1.431(5) 
1.361(5) 
1.512(5) 
1.456(5) 
1.484(5) 
1.514(6) 
1.527(6) 
1.541(5) 
1.556(5) 
1.451(5) 
1.481(5) 
1.498(6) 
1.382(6) 
1.421(6) 
1.365(7) 
1.511(6) 
1.375(5) 
1.392(6) 
1.502(6) 
1.257(5) 
1.265(5) 
1.519(6) 
1.292(6) 
1.211(6) 
1.534(7) 
1.240(19) 
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O(50)-C(51) 1.241(6) 
C(51)-O(52) 1.268(6) 
C(51)-C(53) 1.481(7) 
O(45A)-C(46A) 1.31(2) 
C(46A)-O(47A) 1.32(2) 
C(46A)-C(48A) 1.499(19) 
C(51A)-O(52A) 1.24(2) 
C(51A)-C(53A) 1.526(19) 
O(55)-C(56) 1.273(6) 
C(56)-O(57) 1.227(5) 
C(56)-C(58) 1.517(7) 
Zn(1')-O(11') 2.050(3) 
Zn(1')-N(8') 2.099(3) 
Zn(1')-O(40') 2.101(3) 
Zn(1')-N(4') 2.126(4) 
Zn(1')-O(45') 2.142(3) 
Zn(1')-O(1') 2.314(2) 
Zn(2')-O(11') 2.068(2) 
Zn(2')-O(50') 2.109(3) 
Zn(2')-N(14') 2.112(3) 
Zn(2')-N(18') 2.130(3) 
Zn(2')-O(42') 2.131(3) 
Zn(2')-O(1') 2.253(2) 
Zn(3')-O(55') 1.933(3) 
Zn(3')-O(52') 1.934(3) 
Zn(3')-O(47') 1.964(3) 
Zn(3')-O(1') 2.013(2) 
O(1')-C(1') 1.364(5) 
C(1')-C(2') 1.418(5) 
C(1')-C(20') 1.420(5) 
C(2')-C(23') 1.370(6) 
C(2')-C(3') 1.485(6) 
C(3')-N(4') 1.492(5) 
N(4')-C(5') 1.471(5) 
C(5')-C(6') 1.514(6) 
C(6')-C(25') 1.488(7) 
C(6')-C(26') 1.559(6) 
C(6')-C(7') 1.567(7) 
C(7')-N(8') 1.462(5) 
N(8')-C(9') 1.459(6) 
C(9')-C(10') 1.518(6) 
C(10')-C(27') 1.387(6) 
C(10')-C(11') 1.402(5) 
C(11')-O(11') 1.347(4) 
C(11')-C(12') 1.422(5) 
C(12')-C(29') 1.367(5) 
C(12')-C(13') 1.522(5) 
C(13')-N(14') 1.466(5) 
N(14')-C(15') 1.467(5) 
C(15')-C(16') 1.546(6) 
C(16')-C(31') 1.529(6) 
C(16')-C(17') 1.535(5) 
C(16')-C(32') 1.547(5) 
C(17')-N(18') 1.478(5) 
N(18')-C(19') 1.467(5) 
C(19')-C(20') 1.481(5) 
C(20')-C(21') 1.371(5) 
C(21')-C(22') 1.378(6) 
C(22')-C(23') 1.426(7) 
C(22')-C(24') 1.526(7) 
C(27')-C(28') 1.388(6) 
C(28')-C(29') 1.381(6) 
C(28')-C(30') 1.540(6) 
O(40')-C(41') 1.260(5) 
C(41')-O(42') 1.257(5) 
C(41')-C(43') 1.499(6) 
O(45')-C(46') 1.231(5) 
C(46')-O(47') 1.252(4) 
C(46')-C(48') 1.518(6) 
O(50')-C(51') 1.245(5) 
C(51')-O(52') 1.248(5) 
C(51')-C(53') 1.487(6) 
O(55')-C(56') 1.277(5) 
C(56')-O(57') 1.218(6) 
C(56')-C(58') 1.549(8) 
 
N(8)-Zn(1)-O(11)  93.61(11) 
N(8)-Zn(1)-N(4)  95.11(13) 
O(11)-Zn(1)-N(4)  171.08(12) 
N(8)-Zn(1)-O(40)  89.86(12) 
O(11)-Zn(1)-O(40)  94.17(11) 
N(4)-Zn(1)-O(40)  83.99(13) 
N(8)-Zn(1)-O(45)  100.91(14) 
O(11)-Zn(1)-O(45)  88.39(12) 
N(4)-Zn(1)-O(45)  91.79(14) 
O(40)-Zn(1)-O(45)  168.75(13) 
N(8)-Zn(1)-O(45A) 87.1(6) 
O(11)-Zn(1)-O(45A) 95.4(5) 
N(4)-Zn(1)-O(45A) 87.0(6) 
O(40)-Zn(1)-O(45A) 170.1(6) 
O(45)-Zn(1)-O(45A) 15.1(5) 
N(8)-Zn(1)-O(1)  171.92(11) 
O(11)-Zn(1)-O(1)  78.96(10) 
N(4)-Zn(1)-O(1)  92.43(12) 
O(40)-Zn(1)-O(1)  93.81(10) 
O(45)-Zn(1)-O(1)  75.92(13) 
O(45A)-Zn(1)-O(1) 90.4(6) 
O(11)-Zn(2)-O(42)  96.39(11) 
O(11)-Zn(2)-N(14)  95.33(12) 
O(42)-Zn(2)-N(14)  87.28(12) 
O(11)-Zn(2)-N(18)  170.99(11) 
O(42)-Zn(2)-N(18)  83.41(12) 
N(14)-Zn(2)-N(18)  93.67(13) 
O(11)-Zn(2)-O(50)  94.67(11) 
O(42)-Zn(2)-O(50)  168.10(11) 
N(14)-Zn(2)-O(50)  87.34(12) 
N(18)-Zn(2)-O(50)  86.36(12) 
O(11)-Zn(2)-O(1)  80.19(10) 
O(42)-Zn(2)-O(1)  95.57(11) 
N(14)-Zn(2)-O(1)  174.92(12) 
N(18)-Zn(2)-O(1)  90.85(11) 
O(50)-Zn(2)-O(1)  90.63(11) 
O(52)-Zn(3)-O(1)  121.94(12) 
O(52)-Zn(3)-O(45)  111.76(16) 
O(1)-Zn(3)-O(45)  85.74(13) 
O(52)-Zn(3)-O(55)  110.31(15) 
O(1)-Zn(3)-O(55)  122.23(14) 
O(45)-Zn(3)-O(55)  97.10(14) 
O(52)-Zn(3)-O(57)  94.45(15) 
O(1)-Zn(3)-O(57)  92.81(12) 
O(45)-Zn(3)-O(57)  149.95(14) 
O(55)-Zn(3)-O(57)  58.65(13) 
O(52A)-Zn(3A)-O(55) 128.1(9) 
O(52A)-Zn(3A)-O(57) 92.4(9) 
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O(55)-Zn(3A)-O(57) 68.6(2) 
O(52A)-Zn(3A)-O(47A) 91.2(11) 
O(55)-Zn(3A)-O(47A) 81.8(8) 
O(57)-Zn(3A)-O(47A) 144.8(8) 
O(52A)-Zn(3A)-O(1) 118.4(8) 
O(55)-Zn(3A)-O(1) 111.2(3) 
O(57)-Zn(3A)-O(1) 94.7(2) 
O(47A)-Zn(3A)-O(1) 114.1(8) 
C(1)-O(1)-Zn(3)  118.1(2) 
C(1)-O(1)-Zn(2)  119.8(2) 
Zn(3)-O(1)-Zn(2)  108.79(12) 
C(1)-O(1)-Zn(1)  117.3(2) 
Zn(3)-O(1)-Zn(1)  98.17(12) 
Zn(2)-O(1)-Zn(1)  89.22(10) 
C(1)-O(1)-Zn(3A)  111.6(2) 
Zn(2)-O(1)-Zn(3A)  105.97(16) 
Zn(1)-O(1)-Zn(3A)  110.74(19) 
O(1)-C(1)-C(2)  121.2(3) 
O(1)-C(1)-C(20)  119.5(3) 
C(2)-C(1)-C(20)  119.2(3) 
C(1)-C(2)-C(23)  118.3(4) 
C(1)-C(2)-C(3)  122.2(4) 
C(23)-C(2)-C(3)  119.4(4) 
N(4)-C(3)-C(2)  113.8(3) 
C(5)-N(4)-C(3)  110.1(3) 
C(5)-N(4)-Zn(1)  116.1(3) 
C(3)-N(4)-Zn(1)  110.5(2) 
N(4)-C(5)-C(6)  114.7(3) 
C(25)-C(6)-C(7)  112.0(4) 
C(25)-C(6)-C(5)  112.2(4) 
C(7)-C(6)-C(5)  111.2(4) 
C(25)-C(6)-C(26)  108.3(4) 
C(7)-C(6)-C(26)  104.5(4) 
C(5)-C(6)-C(26)  108.3(4) 
N(8)-C(7)-C(6)  114.3(4) 
C(7)-N(8)-C(9)  108.9(3) 
C(7)-N(8)-Zn(1)  118.0(3) 
C(9)-N(8)-Zn(1)  107.9(2) 
N(8)-C(9)-C(10)  112.1(3) 
C(27)-C(10)-C(11)  119.7(3) 
C(27)-C(10)-C(9)  118.5(3) 
C(11)-C(10)-C(9)  121.7(3) 
O(11)-C(11)-C(10)  120.6(3) 
O(11)-C(11)-C(12)  122.9(3) 
C(10)-C(11)-C(12)  116.5(3) 
C(11)-O(11)-Zn(2)  123.0(2) 
C(11)-O(11)-Zn(1)  122.6(2) 
Zn(2)-O(11)-Zn(1)  97.73(11) 
C(29)-C(12)-C(11)  120.6(4) 
C(29)-C(12)-C(13)  119.8(3) 
C(11)-C(12)-C(13)  119.3(3) 
N(14)-C(13)-C(12)  116.2(3) 
C(13)-N(14)-C(15)  109.8(3) 
C(13)-N(14)-Zn(2)  107.6(2) 
C(15)-N(14)-Zn(2)  117.3(2) 
N(14)-C(15)-C(16)  115.8(3) 
C(15)-C(16)-C(31)  112.4(4) 
C(15)-C(16)-C(17)  111.7(3) 
C(31)-C(16)-C(17)  110.0(3) 
C(15)-C(16)-C(32)  106.5(3) 
C(31)-C(16)-C(32)  109.5(3) 
C(17)-C(16)-C(32)  106.5(3) 
N(18)-C(17)-C(16)  116.4(3) 
C(17)-N(18)-C(19)  110.5(3) 
C(17)-N(18)-Zn(2)  115.9(2) 
C(19)-N(18)-Zn(2)  111.5(2) 
N(18)-C(19)-C(20)  113.9(3) 
C(21)-C(20)-C(1)  120.4(4) 
C(21)-C(20)-C(19)  118.4(4) 
C(1)-C(20)-C(19)  120.9(4) 
C(20)-C(21)-C(22)  120.8(4) 
C(23)-C(22)-C(21)  117.3(4) 
C(23)-C(22)-C(24)  122.4(4) 
C(21)-C(22)-C(24)  120.2(4) 
C(22)-C(23)-C(2)  123.6(4) 
C(28)-C(27)-C(10)  123.6(4) 
C(27)-C(28)-C(29)  115.7(4) 
C(27)-C(28)-C(30)  121.4(4) 
C(29)-C(28)-C(30)  122.9(4) 
C(12)-C(29)-C(28)  123.3(4) 
C(41)-O(40)-Zn(1)  130.6(3) 
O(40)-C(41)-O(42)  125.1(4) 
O(40)-C(41)-C(43)  117.8(4) 
O(42)-C(41)-C(43)  117.1(4) 
C(41)-O(42)-Zn(2)  128.4(3) 
C(46)-O(45)-Zn(3)  126.0(3) 
C(46)-O(45)-Zn(1)  135.1(3) 
Zn(3)-O(45)-Zn(1)  98.82(15) 
O(47)-C(46)-O(45)  125.9(5) 
O(47)-C(46)-C(48)  119.6(5) 
O(45)-C(46)-C(48)  114.4(4) 
C(51A)-O(50)-Zn(2) 159.3(11) 
C(51)-O(50)-Zn(2)  144.2(3) 
O(50)-C(51)-O(52)  124.9(5) 
O(50)-C(51)-C(53)  117.8(5) 
O(52)-C(51)-C(53)  117.3(5) 
C(51)-O(52)-Zn(3)  118.4(3) 
C(46A)-O(45A)-Zn(1) 140.4(17) 
O(45A)-C(46A)-O(47A) 126(3) 
O(45A)-C(46A)-C(48A) 124(3) 
O(47A)-C(46A)-C(48A) 110(2) 
C(46A)-O(47A)-Zn(3A) 118(2) 
O(52A)-C(51A)-O(50) 119(2) 
O(52A)-C(51A)-C(53A) 118(2) 
O(50)-C(51A)-C(53A) 122.7(19) 
C(51A)-O(52A)-Zn(3A) 124(2) 
C(56)-O(55)-Zn(3A) 84.7(3) 
C(56)-O(55)-Zn(3)  97.4(3) 
O(57)-C(56)-O(55)  120.5(4) 
O(57)-C(56)-C(58)  120.9(5) 
O(55)-C(56)-C(58)  118.6(4) 
C(56)-O(57)-Zn(3A) 84.8(3) 
C(56)-O(57)-Zn(3)  83.5(3) 
O(11')-Zn(1')-N(8')  95.20(11) 
O(11')-Zn(1')-O(40') 95.56(10) 
N(8')-Zn(1')-O(40')  91.75(12) 
O(11')-Zn(1')-N(4')  170.54(12) 
N(8')-Zn(1')-N(4')  94.07(13) 
O(40')-Zn(1')-N(4')  82.25(12) 
O(11')-Zn(1')-O(45') 93.29(12) 
N(8')-Zn(1')-O(45')  85.82(12) 
O(40')-Zn(1')-O(45') 171.00(12) 
N(4')-Zn(1')-O(45')  89.27(14) 
O(11')-Zn(1')-O(1')  80.45(9) 
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N(8')-Zn(1')-O(1')  174.13(12) 
O(40')-Zn(1')-O(1')  92.59(10) 
N(4')-Zn(1')-O(1')  90.44(11) 
O(45')-Zn(1')-O(1')  90.48(10) 
O(11')-Zn(2')-O(50') 95.54(10) 
O(11')-Zn(2')-N(14') 94.28(11) 
O(50')-Zn(2')-N(14') 86.18(12) 
O(11')-Zn(2')-N(18') 171.68(10) 
O(50')-Zn(2')-N(18') 87.96(11) 
N(14')-Zn(2')-N(18') 93.48(11) 
O(11')-Zn(2')-O(42') 95.16(10) 
O(50')-Zn(2')-O(42') 169.05(11) 
N(14')-Zn(2')-O(42') 90.68(11) 
N(18')-Zn(2')-O(42') 81.76(11) 
O(11')-Zn(2')-O(1')  81.53(9) 
O(50')-Zn(2')-O(1')  90.61(10) 
N(14')-Zn(2')-O(1')  174.46(11) 
N(18')-Zn(2')-O(1')  90.91(10) 
O(42')-Zn(2')-O(1')  93.29(10) 
O(55')-Zn(3')-O(52') 122.94(15) 
O(55')-Zn(3')-O(47') 97.44(13) 
O(52')-Zn(3')-O(47') 99.68(14) 
O(55')-Zn(3')-O(1')  103.32(12) 
O(52')-Zn(3')-O(1')  114.71(11) 
O(47')-Zn(3')-O(1')  118.45(10) 
C(1')-O(1')-Zn(3')  111.7(2) 
C(1')-O(1')-Zn(2')  115.5(2) 
Zn(3')-O(1')-Zn(2')  114.37(11) 
C(1')-O(1')-Zn(1')  115.0(2) 
Zn(3')-O(1')-Zn(1')  111.55(11) 
Zn(2')-O(1')-Zn(1')  86.53(8) 
O(1')-C(1')-C(2')  121.0(4) 
O(1')-C(1')-C(20')  120.3(3) 
C(2')-C(1')-C(20')  118.5(4) 
C(23')-C(2')-C(1')  119.2(4) 
C(23')-C(2')-C(3')  120.0(4) 
C(1')-C(2')-C(3')  120.7(4) 
C(2')-C(3')-N(4')  114.7(3) 
C(5')-N(4')-C(3')  111.1(3) 
C(5')-N(4')-Zn(1')  116.6(3) 
C(3')-N(4')-Zn(1')  111.9(2) 
N(4')-C(5')-C(6')  113.7(3) 
C(25')-C(6')-C(5')  112.8(4) 
C(25')-C(6')-C(26')  108.9(4) 
C(5')-C(6')-C(26')  105.5(3) 
C(25')-C(6')-C(7')  112.3(4) 
C(5')-C(6')-C(7')  112.4(4) 
C(26')-C(6')-C(7')  104.3(4) 
N(8')-C(7')-C(6')  115.1(4) 
C(9')-N(8')-C(7')  108.5(3) 
C(9')-N(8')-Zn(1')  108.1(2) 
C(7')-N(8')-Zn(1')  116.6(2) 
N(8')-C(9')-C(10')  115.6(3) 
C(27')-C(10')-C(11') 122.1(4) 
C(27')-C(10')-C(9')  116.8(3) 
C(11')-C(10')-C(9')  120.7(3) 
O(11')-C(11')-C(10') 122.9(3) 
O(11')-C(11')-C(12') 121.3(3) 
C(10')-C(11')-C(12') 115.6(3) 
C(11')-O(11')-Zn(1') 122.9(2) 
C(11')-O(11')-Zn(2') 124.1(2) 
Zn(1')-O(11')-Zn(2') 98.98(11) 
C(29')-C(12')-C(11') 120.9(3) 
C(29')-C(12')-C(13') 117.8(3) 
C(11')-C(12')-C(13') 121.0(3) 
N(14')-C(13')-C(12') 115.4(3) 
C(13')-N(14')-C(15') 108.5(3) 
C(13')-N(14')-Zn(2') 107.5(2) 
C(15')-N(14')-Zn(2') 117.1(2) 
N(14')-C(15')-C(16') 116.7(3) 
C(31')-C(16')-C(17') 111.1(3) 
C(31')-C(16')-C(15') 111.8(3) 
C(17')-C(16')-C(15') 111.0(3) 
C(31')-C(16')-C(32') 110.4(4) 
C(17')-C(16')-C(32') 106.6(3) 
C(15')-C(16')-C(32') 105.8(3) 
N(18')-C(17')-C(16') 114.8(3) 
C(19')-N(18')-C(17') 111.5(3) 
C(19')-N(18')-Zn(2') 110.7(2) 
C(17')-N(18')-Zn(2') 116.3(2) 
N(18')-C(19')-C(20') 114.1(3) 
C(21')-C(20')-C(1')  119.3(4) 
C(21')-C(20')-C(19') 120.4(4) 
C(1')-C(20')-C(19')  120.2(3) 
C(20')-C(21')-C(22') 123.7(4) 
C(21')-C(22')-C(23') 116.1(4) 
C(21')-C(22')-C(24') 123.8(5) 
C(23')-C(22')-C(24') 120.2(5) 
C(2')-C(23')-C(22')  122.7(4) 
C(10')-C(27')-C(28') 121.0(4) 
C(29')-C(28')-C(27') 117.2(4) 
C(29')-C(28')-C(30') 122.3(4) 
C(27')-C(28')-C(30') 120.5(4) 
C(12')-C(29')-C(28') 122.9(4) 
C(41')-O(40')-Zn(1') 130.1(3) 
O(42')-C(41')-O(40') 125.3(4) 
O(42')-C(41')-C(43') 117.0(4) 
O(40')-C(41')-C(43') 117.7(4) 
C(41')-O(42')-Zn(2') 128.7(3) 
C(46')-O(45')-Zn(1') 150.7(3) 
O(45')-C(46')-O(47') 125.8(4) 
O(45')-C(46')-C(48') 117.8(4) 
O(47')-C(46')-C(48') 116.4(4) 
C(46')-O(47')-Zn(3') 122.0(3) 
C(51')-O(50')-Zn(2') 148.7(3) 
O(50')-C(51')-O(52') 126.2(4) 
O(50')-C(51')-C(53') 116.6(4) 
O(52')-C(51')-C(53') 117.2(4) 
C(51')-O(52')-Zn(3') 124.3(3) 
C(56')-O(55')-Zn(3') 119.5(3) 
O(57')-C(56')-O(55') 124.8(5) 
O(57')-C(56')-C(58') 122.8(5) 
O(55')-C(56')-C(58') 112.3(5) 
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Zn(1)-O(1
Zn(1)-N(8
Zn(1)-N(4
Zn(1)-O(4
Zn(1)-O(4
Zn(1)-O(1
Zn(2)-O(1
Zn(2)-O(4
Zn(2)-N(1
Zn(2)-N(1
Zn(2)-O(5
Zn(2)-O(1
Zn(3)-O(5
Zn(3)-O(5
Zn(3)-O(1
Zn(3)-O(4
O(1)-C(1)
C(1)-C(20
C(1)-C(2)
C(2)-C(23
C(2)-C(3)
C(3)-N(4)
N(4)-C(5)
C(5)-C(6)
C(6)-C(26
C(6)-C(7)
C(6)-C(27
C(7)-N(8)
N(8)-C(9)
C(9)-C(10
C(10)-C(2
C(10)-C(1
C(11)-O(1
C(11)-C(1
a g e  
1) 2.066
) 2.092
) 2.126
0) 2.133
5) 2.162
) 2.284
1) 2.092
2) 2.100
8) 2.106
4) 2.106
0) 2.187
) 2.245
5) 1.934
2) 1.936
) 1.981
5) 2.035
 1.369
) 1.372
 1.405
) 1.383
 1.505
 1.485
 1.471
 1.546
) 1.519
 1.527
) 1.538
 1.472
 1.475
) 1.507
8) 1.399
1) 1.417
1) 1.351
2) 1.415
(3) 
(3) 
(3) 
(3) 
(3) 
(2) 
(3) 
(3) 
(3) 
(4) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(4) 
(5) 
(5) 
(5) 
(5) 
(5) 
(5) 
(6) 
(6) 
(6) 
(6) 
(6) 
(5) 
(6) 
(6) 
(5) 
(5) 
(6) 
[L
 
3Zn3(OAc)4]-I
 
C(
C(
C(
N(
C(
C(
C(
C(
C(
N(
C(
C(
C(
C(
C(
O(
C(
C(
C(
O(
O(
C(
C(
O(
C(
C(
O(
C(
C(
O(
C(
C(
Zn
Zn
II 
12)-C(30)
12)-C(13)
13)-N(14)
14)-C(15)
15)-C(16)
16)-C(17)
16)-C(33)
16)-C(34)
17)-N(18)
18)-C(19)
19)-C(20)
20)-C(21)
21)-C(22)
22)-O(24)
22)-C(23)
24)-C(25)
28)-C(29)
29)-O(31)
29)-C(30)
31)-C(32)
40)-C(41)
41)-O(42)
41)-C(43)
45)-C(46)
46)-O(47)
46)-C(48)
50)-C(51)
51)-O(52)
51)-C(53)
55)-C(56)
56)-O(57)
56)-C(58)
(1')-O(11')
(1')-N(4')
1.385(6) 
1.502(6) 
1.478(5) 
1.487(5) 
1.536(6) 
1.526(6) 
1.533(6) 
1.548(6) 
1.483(5) 
1.470(5) 
1.518(5) 
1.412(5) 
1.377(5) 
1.378(4) 
1.380(5) 
1.399(5) 
1.348(7) 
1.387(5) 
1.422(6) 
1.424(6) 
1.259(5) 
1.243(5) 
1.527(7) 
1.293(5) 
1.220(5) 
1.502(6) 
1.243(5) 
1.277(5) 
1.508(6) 
1.298(5) 
1.231(6) 
1.511(7) 
2.057(3) 
2.074(4) 
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Zn(1')-N(8') 2.076(3) 
Zn(1')-O(40') 2.095(3) 
Zn(1')-O(1') 2.267(3) 
Zn(1')-O(45') 2.281(3) 
Zn(2')-O(11') 2.087(3) 
Zn(2')-N(18') 2.100(3) 
Zn(2')-N(14') 2.106(3) 
Zn(2')-O(42') 2.106(3) 
Zn(2')-O(1') 2.183(3) 
Zn(2')-O(50') 2.207(3) 
Zn(3')-O(52') 1.929(3) 
Zn(3')-O(55') 1.932(3) 
Zn(3')-O(45') 2.003(3) 
Zn(3')-O(1') 2.010(3) 
O(1')-C(1') 1.370(4) 
C(1')-C(2') 1.396(6) 
C(1')-C(20') 1.400(5) 
C(2')-C(23') 1.393(6) 
C(2')-C(3') 1.514(6) 
C(3')-N(4') 1.489(6) 
N(4')-C(5') 1.483(5) 
C(5')-C(6') 1.537(6) 
C(6')-C(26') 1.519(6) 
C(6')-C(27') 1.538(6) 
C(6')-C(7') 1.538(5) 
C(7')-N(8') 1.474(5) 
N(8')-C(9') 1.478(5) 
C(9')-C(10') 1.504(5) 
C(10')-C(28') 1.407(5) 
C(10')-C(11') 1.407(6) 
C(11')-O(11') 1.360(4) 
C(11')-C(12') 1.406(6) 
C(12')-C(30') 1.382(6) 
C(12')-C(13') 1.496(6) 
C(13')-N(14') 1.483(5) 
N(14')-C(15') 1.480(5) 
C(15')-C(16') 1.533(6) 
C(16')-C(33') 1.533(7) 
C(16')-C(17') 1.538(6) 
C(16')-C(34') 1.547(6) 
C(17')-N(18') 1.476(5) 
N(18')-C(19') 1.483(5) 
C(19')-C(20') 1.498(6) 
C(20')-C(21') 1.388(5) 
C(21')-C(22') 1.368(6) 
C(22')-C(23') 1.379(6) 
C(22')-O(24') 1.391(5) 
O(24')-C(25') 1.426(5) 
C(28')-C(29') 1.374(6) 
C(29')-O(31') 1.379(5) 
C(29')-C(30') 1.383(6) 
O(31')-C(32') 1.432(6) 
O(40')-C(41') 1.249(5) 
C(41')-O(42') 1.246(5) 
C(41')-C(43') 1.524(6) 
O(45')-C(46') 1.276(6) 
C(46')-O(47') 1.247(7) 
C(46')-C(48') 1.517(8) 
O(50')-C(51') 1.247(5) 
C(51')-O(52') 1.281(5) 
C(51')-C(53') 1.504(7) 
O(55')-C(56') 1.290(6) 
C(56')-O(57') 1.222(6) 
C(56')-C(58') 1.515(7) 
Zn(1")-O(11") 2.066(3) 
Zn(1")-N(8") 2.073(3) 
Zn(1")-O(40") 2.100(3) 
Zn(1")-N(4") 2.123(4) 
Zn(1")-O(45") 2.279(3) 
Zn(1")-O(1") 2.284(3) 
Zn(2")-N(14") 2.098(4) 
Zn(2")-O(42") 2.100(3) 
Zn(2")-O(11") 2.102(3) 
Zn(2")-N(18") 2.115(4) 
Zn(2")-O(50") 2.189(3) 
Zn(2")-O(1") 2.228(3) 
Zn(3")-O(55") 1.919(3) 
Zn(3")-O(52") 1.940(3) 
Zn(3")-O(1") 1.975(2) 
Zn(3")-O(45") 2.001(3) 
O(1")-C(1") 1.375(4) 
C(1")-C(20") 1.394(5) 
C(1")-C(2") 1.399(5) 
C(2")-C(23") 1.391(5) 
C(2")-C(3") 1.499(5) 
C(3")-N(4") 1.472(5) 
N(4")-C(5") 1.476(5) 
C(5")-C(6") 1.521(6) 
C(6")-C(7") 1.523(6) 
C(6")-C(26") 1.528(6) 
C(6")-C(27") 1.537(6) 
C(7")-N(8") 1.484(5) 
N(8")-C(9") 1.485(5) 
C(9")-C(10") 1.507(6) 
C(10")-C(28") 1.387(6) 
C(10")-C(11") 1.410(6) 
C(11")-O(11") 1.357(5) 
C(11")-C(12") 1.399(6) 
C(12")-C(30") 1.407(6) 
C(12")-C(13") 1.487(6) 
C(13")-N(14") 1.477(5) 
N(14")-C(15") 1.494(5) 
C(15")-C(16") 1.532(6) 
C(16")-C(17") 1.530(6) 
C(16")-C(34") 1.536(6) 
C(16")-C(33") 1.552(6) 
C(17")-N(18") 1.489(5) 
N(18")-C(19") 1.474(5) 
C(19")-C(20") 1.514(5) 
C(20")-C(21") 1.391(5) 
C(21")-C(22") 1.381(5) 
C(22")-O(24") 1.372(5) 
C(22")-C(23") 1.390(6) 
O(24")-C(25") 1.422(5) 
C(28")-C(29") 1.392(7) 
C(29")-C(30") 1.380(7) 
C(29")-O(31") 1.392(6) 
O(31")-C(32") 1.379(8) 
O(31")-C(32C) 1.392(8) 
O(40")-C(41") 1.246(5) 
C(41")-O(42") 1.246(5) 
C(41")-C(43") 1.522(6) 
O(45")-C(46") 1.296(5) 
C(46")-O(47") 1.215(5) 
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C(46")-C(48") 1.508(6) 
O(50")-C(51") 1.240(5) 
C(51")-O(52") 1.275(5) 
C(51")-C(53") 1.507(6) 
O(55")-C(56") 1.288(5) 
C(56")-O(57") 1.230(5) 
C(56")-C(58") 1.495(7) 
 
O(11)-Zn(1)-N(8) 96.33(12) 
O(11)-Zn(1)-N(4) 170.84(11) 
N(8)-Zn(1)-N(4) 91.41(13) 
O(11)-Zn(1)-O(40) 94.09(11) 
N(8)-Zn(1)-O(40) 86.30(13) 
N(4)-Zn(1)-O(40) 81.50(13) 
O(11)-Zn(1)-O(45) 91.11(11) 
N(8)-Zn(1)-O(45) 107.93(13) 
N(4)-Zn(1)-O(45) 91.16(13) 
O(40)-Zn(1)-O(45) 164.23(10) 
O(11)-Zn(1)-O(1) 80.68(9) 
N(8)-Zn(1)-O(1) 175.41(13) 
N(4)-Zn(1)-O(1) 91.29(11) 
O(40)-Zn(1)-O(1) 90.43(10) 
O(45)-Zn(1)-O(1) 75.73(10) 
O(11)-Zn(2)-O(42) 95.46(11) 
O(11)-Zn(2)-N(18) 172.08(12) 
O(42)-Zn(2)-N(18) 82.85(12) 
O(11)-Zn(2)-N(14) 94.10(12) 
O(42)-Zn(2)-N(14) 90.94(13) 
N(18)-Zn(2)-N(14) 93.66(13) 
O(11)-Zn(2)-O(50) 93.24(10) 
O(42)-Zn(2)-O(50) 171.10(11) 
N(18)-Zn(2)-O(50) 88.78(12) 
N(14)-Zn(2)-O(50) 86.58(12) 
O(11)-Zn(2)-O(1) 81.09(10) 
O(42)-Zn(2)-O(1) 94.52(11) 
N(18)-Zn(2)-O(1) 91.31(11) 
N(14)-Zn(2)-O(1) 173.03(12) 
O(50)-Zn(2)-O(1) 88.66(10) 
O(55)-Zn(3)-O(52) 114.45(13) 
O(55)-Zn(3)-O(1) 119.45(12) 
O(52)-Zn(3)-O(1) 120.87(12) 
O(55)-Zn(3)-O(45) 106.38(13) 
O(52)-Zn(3)-O(45) 101.33(12) 
O(1)-Zn(3)-O(45) 85.65(11) 
C(1)-O(1)-Zn(3) 124.0(2) 
C(1)-O(1)-Zn(2) 115.4(2) 
Zn(3)-O(1)-Zn(2) 110.05(11) 
C(1)-O(1)-Zn(1) 114.6(2) 
Zn(3)-O(1)-Zn(1) 97.49(10) 
Zn(2)-O(1)-Zn(1) 87.95(9) 
O(1)-C(1)-C(20) 120.3(3) 
O(1)-C(1)-C(2) 120.4(3) 
C(20)-C(1)-C(2) 119.3(3) 
C(23)-C(2)-C(1) 118.9(4) 
C(23)-C(2)-C(3) 119.7(4) 
C(1)-C(2)-C(3) 121.4(3) 
N(4)-C(3)-C(2) 109.1(3) 
C(5)-N(4)-C(3) 112.4(3) 
C(5)-N(4)-Zn(1) 116.6(3) 
C(3)-N(4)-Zn(1) 110.8(2) 
N(4)-C(5)-C(6) 112.6(4) 
C(26)-C(6)-C(7) 111.7(4) 
C(26)-C(6)-C(27) 108.1(4) 
C(7)-C(6)-C(27) 105.6(3) 
C(26)-C(6)-C(5) 112.5(3) 
C(7)-C(6)-C(5) 110.9(3) 
C(27)-C(6)-C(5) 107.6(4) 
N(8)-C(7)-C(6) 115.4(3) 
C(7)-N(8)-C(9) 109.4(3) 
C(7)-N(8)-Zn(1) 120.5(3) 
C(9)-N(8)-Zn(1) 106.2(2) 
N(8)-C(9)-C(10) 114.3(4) 
C(28)-C(10)-C(11) 120.7(4) 
C(28)-C(10)-C(9) 116.9(4) 
C(11)-C(10)-C(9) 122.0(4) 
O(11)-C(11)-C(12) 121.1(3) 
O(11)-C(11)-C(10) 121.5(4) 
C(12)-C(11)-C(10) 117.3(4) 
C(11)-O(11)-Zn(1) 122.0(2) 
C(11)-O(11)-Zn(2) 121.6(3) 
Zn(1)-O(11)-Zn(2) 98.29(10) 
C(30)-C(12)-C(11) 121.0(4) 
C(30)-C(12)-C(13) 117.4(4) 
C(11)-C(12)-C(13) 121.3(4) 
N(14)-C(13)-C(12) 113.7(3) 
C(13)-N(14)-C(15) 108.7(3) 
C(13)-N(14)-Zn(2) 108.4(3) 
C(15)-N(14)-Zn(2) 116.5(3) 
N(14)-C(15)-C(16) 115.0(3) 
C(17)-C(16)-C(33) 111.6(4) 
C(17)-C(16)-C(15) 112.3(4) 
C(33)-C(16)-C(15) 111.8(4) 
C(17)-C(16)-C(34) 106.1(4) 
C(33)-C(16)-C(34) 109.0(4) 
C(15)-C(16)-C(34) 105.7(3) 
N(18)-C(17)-C(16) 114.0(3) 
C(19)-N(18)-C(17) 110.3(3) 
C(19)-N(18)-Zn(2) 111.4(2) 
C(17)-N(18)-Zn(2) 116.3(2) 
N(18)-C(19)-C(20) 111.8(3) 
C(1)-C(20)-C(21) 120.0(4) 
C(1)-C(20)-C(19) 120.7(3) 
C(21)-C(20)-C(19) 119.3(3) 
C(22)-C(21)-C(20) 119.9(4) 
C(21)-C(22)-O(24) 125.3(4) 
C(21)-C(22)-C(23) 119.3(3) 
O(24)-C(22)-C(23) 115.4(3) 
C(22)-C(23)-C(2) 121.4(4) 
C(22)-O(24)-C(25) 118.4(3) 
C(29)-C(28)-C(10) 121.1(4) 
C(28)-C(29)-O(31) 125.6(4) 
C(28)-C(29)-C(30) 119.9(4) 
O(31)-C(29)-C(30) 114.4(5) 
C(12)-C(30)-C(29) 119.7(4) 
C(29)-O(31)-C(32) 115.5(4) 
C(41)-O(40)-Zn(1) 130.8(3) 
O(42)-C(41)-O(40) 125.7(4) 
O(42)-C(41)-C(43) 117.6(4) 
O(40)-C(41)-C(43) 116.7(4) 
C(41)-O(42)-Zn(2) 127.7(3) 
C(46)-O(45)-Zn(3) 126.5(3) 
C(46)-O(45)-Zn(1) 133.6(3) 
Zn(3)-O(45)-Zn(1) 99.87(11) 
O(47)-C(46)-O(45) 123.5(4) 
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O(47)-C(46)-C(48)  120.1(4) 
O(45)-C(46)-C(48)  116.3(4) 
C(51)-O(50)-Zn(2)  139.8(3) 
O(50)-C(51)-O(52)  125.1(4) 
O(50)-C(51)-C(53)  119.1(4) 
O(52)-C(51)-C(53)  115.8(4) 
C(51)-O(52)-Zn(3)  117.8(3) 
C(56)-O(55)-Zn(3)  106.0(3) 
O(57)-C(56)-O(55)  122.7(5) 
O(57)-C(56)-C(58)  122.1(4) 
O(55)-C(56)-C(58)  115.2(5) 
O(11')-Zn(1')-N(4')  167.46(13) 
O(11')-Zn(1')-N(8')  94.95(12) 
N(4')-Zn(1')-N(8')  97.59(14) 
O(11')-Zn(1')-O(40') 95.66(11) 
N(4')-Zn(1')-O(40')  84.37(15) 
N(8')-Zn(1')-O(40')  91.65(13) 
O(11')-Zn(1')-O(1')  76.34(10) 
N(4')-Zn(1')-O(1')  91.20(12) 
N(8')-Zn(1')-O(1')  168.34(12) 
O(40')-Zn(1')-O(1')  96.85(11) 
O(11')-Zn(1')-O(45') 86.33(11) 
N(4')-Zn(1')-O(45')  91.98(15) 
N(8')-Zn(1')-O(45')  96.00(12) 
O(40')-Zn(1')-O(45') 171.91(11) 
O(1')-Zn(1')-O(45')  75.96(10) 
O(11')-Zn(2')-N(18') 169.52(12) 
O(11')-Zn(2')-N(14') 94.17(12) 
N(18')-Zn(2')-N(14') 96.31(13) 
O(11')-Zn(2')-O(42') 95.16(11) 
N(18')-Zn(2')-O(42') 85.53(13) 
N(14')-Zn(2')-O(42') 85.25(14) 
O(11')-Zn(2')-O(1')  77.60(10) 
N(18')-Zn(2')-O(1')  91.94(11) 
N(14')-Zn(2')-O(1')  171.26(11) 
O(42')-Zn(2')-O(1')  98.30(11) 
O(11')-Zn(2')-O(50') 93.76(11) 
N(18')-Zn(2')-O(50') 87.09(13) 
N(14')-Zn(2')-O(50') 86.53(14) 
O(42')-Zn(2')-O(50') 168.27(11) 
O(1')-Zn(2')-O(50')  91.03(11) 
O(52')-Zn(3')-O(55') 111.40(15) 
O(52')-Zn(3')-O(45') 108.00(14) 
O(55')-Zn(3')-O(45') 100.66(13) 
O(52')-Zn(3')-O(1')  121.44(12) 
O(55')-Zn(3')-O(1')  120.21(13) 
O(45')-Zn(3')-O(1')  88.46(12) 
C(1')-O(1')-Zn(3')  120.4(2) 
C(1')-O(1')-Zn(2')  119.0(2) 
Zn(3')-O(1')-Zn(2')  106.43(12) 
C(1')-O(1')-Zn(1')  119.2(2) 
Zn(3')-O(1')-Zn(1')  96.14(10) 
Zn(2')-O(1')-Zn(1')  89.63(9) 
O(1')-C(1')-C(2')  120.3(4) 
O(1')-C(1')-C(20')  120.5(4) 
C(2')-C(1')-C(20')  119.2(4) 
C(23')-C(2')-C(1')  119.1(4) 
C(23')-C(2')-C(3')  117.9(4) 
C(1')-C(2')-C(3')  123.0(4) 
N(4')-C(3')-C(2')  112.8(4) 
C(5')-N(4')-C(3')  108.8(3) 
C(5')-N(4')-Zn(1')  117.2(3) 
C(3')-N(4')-Zn(1')  112.4(3) 
N(4')-C(5')-C(6')  115.1(4) 
C(26')-C(6')-C(5')  112.9(4) 
C(26')-C(6')-C(27')  109.2(4) 
C(5')-C(6')-C(27')  105.4(4) 
C(26')-C(6')-C(7')  111.5(4) 
C(5')-C(6')-C(7')  111.1(4) 
C(27')-C(6')-C(7')  106.3(3) 
N(8')-C(7')-C(6')  114.6(3) 
C(7')-N(8')-C(9')  110.3(3) 
C(7')-N(8')-Zn(1')  117.1(2) 
C(9')-N(8')-Zn(1')  106.9(2) 
N(8')-C(9')-C(10')  112.8(3) 
C(28')-C(10')-C(11') 120.0(4) 
C(28')-C(10')-C(9')  117.3(4) 
C(11')-C(10')-C(9')  122.7(4) 
O(11')-C(11')-C(12') 120.9(3) 
O(11')-C(11')-C(10') 120.5(4) 
C(12')-C(11')-C(10') 118.6(4) 
C(11')-O(11')-Zn(1') 122.5(2) 
C(11')-O(11')-Zn(2') 125.4(2) 
Zn(1')-O(11')-Zn(2') 98.38(11) 
C(30')-C(12')-C(11') 119.8(4) 
C(30')-C(12')-C(13') 116.0(4) 
C(11')-C(12')-C(13') 123.5(4) 
N(14')-C(13')-C(12') 116.5(4) 
C(15')-N(14')-C(13') 109.6(3) 
C(15')-N(14')-Zn(2') 116.8(3) 
C(13')-N(14')-Zn(2') 108.8(3) 
N(14')-C(15')-C(16') 115.9(4) 
C(15')-C(16')-C(33') 111.6(4) 
C(15')-C(16')-C(17') 111.0(4) 
C(33')-C(16')-C(17') 112.4(4) 
C(15')-C(16')-C(34') 105.5(4) 
C(33')-C(16')-C(34') 109.6(4) 
C(17')-C(16')-C(34') 106.4(4) 
N(18')-C(17')-C(16') 115.0(4) 
C(17')-N(18')-C(19') 109.2(3) 
C(17')-N(18')-Zn(2') 114.7(2) 
C(19')-N(18')-Zn(2') 109.1(2) 
N(18')-C(19')-C(20') 112.4(3) 
C(21')-C(20')-C(1')  120.0(4) 
C(21')-C(20')-C(19') 119.1(4) 
C(1')-C(20')-C(19')  120.9(4) 
C(22')-C(21')-C(20') 120.7(4) 
C(21')-C(22')-C(23') 119.6(4) 
C(21')-C(22')-O(24') 125.6(4) 
C(23')-C(22')-O(24') 114.7(4) 
C(22')-C(23')-C(2')  121.2(4) 
C(22')-O(24')-C(25') 116.3(4) 
C(29')-C(28')-C(10') 120.4(4) 
C(28')-C(29')-O(31') 124.7(4) 
C(28')-C(29')-C(30') 119.5(4) 
O(31')-C(29')-C(30') 115.8(4) 
C(12')-C(30')-C(29') 121.6(4) 
C(29')-O(31')-C(32') 116.1(4) 
C(41')-O(40')-Zn(1') 130.1(3) 
O(42')-C(41')-O(40') 125.6(4) 
O(42')-C(41')-C(43') 117.2(4) 
O(40')-C(41')-C(43') 117.1(4) 
C(41')-O(42')-Zn(2') 129.4(3) 
C(46')-O(45')-Zn(3') 123.6(3) 
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C(46')-O(45')-Zn(1') 140.4(3) 
Zn(3')-O(45')-Zn(1') 95.89(11) 
O(47')-C(46')-O(45') 122.0(6) 
O(47')-C(46')-C(48') 121.7(5) 
O(45')-C(46')-C(48') 116.2(6) 
C(51')-O(50')-Zn(2') 133.8(3) 
O(50')-C(51')-O(52') 124.2(5) 
O(50')-C(51')-C(53') 119.8(5) 
O(52')-C(51')-C(53') 115.9(4) 
C(51')-O(52')-Zn(3') 117.7(3) 
C(56')-O(55')-Zn(3') 109.1(3) 
O(57')-C(56')-O(55') 122.5(5) 
O(57')-C(56')-C(58') 121.5(5) 
O(55')-C(56')-C(58') 116.0(5) 
O(11")-Zn(1")-N(8") 96.04(13) 
O(11")-Zn(1")-O(40") 96.82(11) 
N(8")-Zn(1")-O(40") 91.42(12) 
O(11")-Zn(1")-N(4") 169.84(12) 
N(8")-Zn(1")-N(4" ) 94.09(14) 
O(40")-Zn(1")-N(4") 82.09(13) 
O(11")-Zn(1")-O(45") 89.63(10) 
N(8")-Zn(1")-O(45") 103.49(12) 
O(40")-Zn(1")-O(45") 163.07(11) 
N(4")-Zn(1")-O(45") 88.80(12) 
O(11")-Zn(1")-O(1") 79.12(10) 
N(8")-Zn(1")-O(1") 174.68(12) 
O(40")-Zn(1")-O(1") 91.36(10) 
N(4")-Zn(1")-O(1") 90.79(12) 
O(45")-Zn(1")-O(1") 74.46(9) 
N(14")-Zn(2")-O(42") 90.02(12) 
N(14")-Zn(2")-O(11") 94.01(13) 
O(42")-Zn(2")-O(11") 95.76(11) 
N(14")-Zn(2")-N(18") 94.92(14) 
O(42")-Zn(2")-N(18") 83.75(12) 
O(11")-Zn(2")-N(18") 171.05(12) 
N(14")-Zn(2")-O(50") 86.54(12) 
O(42")-Zn(2")-O(50") 169.47(11) 
O(11")-Zn(2")-O(50") 94.40(10) 
N(18")-Zn(2")-O(50") 86.63(12) 
N(14")-Zn(2")-O(1") 172.32(12) 
O(42")-Zn(2")-O(1") 94.92(10) 
O(11")-Zn(2")-O(1") 79.66(10) 
N(18")-Zn(2")-O(1") 91.47(12) 
O(50")-Zn(2")-O(1") 89.59(10) 
O(55")-Zn(3")-O(52") 108.87(13) 
O(55")-Zn(3")-O(1") 120.00(12) 
O(52")-Zn(3")-O(1") 121.35(12) 
O(55")-Zn(3")-O(45") 109.80(12) 
O(52")-Zn(3")-O(45") 104.88(12) 
O(1")-Zn(3")-O(45") 87.92(10) 
C(1")-O(1")-Zn(3")  121.9(2) 
C(1")-O(1")-Zn(2")  117.2(2) 
Zn(3")-O(1")-Zn(2") 108.43(11) 
C(1")-O(1")-Zn(1")  116.5(2) 
Zn(3")-O(1")-Zn(1") 97.84(10) 
Zn(2")-O(1")-Zn(1") 88.50(10) 
O(1")-C(1")-C(20") 120.1(3) 
O(1")-C(1")-C(2")  120.6(3) 
C(20")-C(1")-C(2")  119.3(4) 
C(23")-C(2")-C(1")  119.4(4) 
C(23")-C(2")-C(3")  119.0(4) 
C(1")-C(2")-C(3")  121.5(4) 
N(4")-C(3")-C(2")  112.3(3) 
C(3")-N(4")-C(5")  112.0(3) 
C(3")-N(4")-Zn(1")  111.7(2) 
C(5")-N(4")-Zn(1")  116.9(3) 
N(4")-C(5")-C(6")  114.3(4) 
C(5")-C(6")-C(7")  111.4(3) 
C(5")-C(6")-C(26")  112.0(4) 
C(7")-C(6")-C(26")  111.2(4) 
C(5")-C(6")-C(27")  107.0(4) 
C(7")-C(6")-C(27")  105.9(4) 
C(26")-C(6")-C(27") 109.0(4) 
N(8")-C(7")-C(6")  115.8(3) 
C(7")-N(8")-C(9")  110.0(3) 
C(7")-N(8")-Zn(1")  118.3(3) 
C(9")-N(8")-Zn(1")  107.1(3) 
N(8")-C(9")-C(10") 114.4(4) 
C(28")-C(10")-C(11") 121.5(4) 
C(28")-C(10")-C(9") 116.5(4) 
C(11")-C(10")-C(9") 121.8(4) 
O(11")-C(11")-C(12") 120.3(4) 
O(11")-C(11")-C(10") 121.4(4) 
C(12")-C(11")-C(10") 118.2(4) 
C(11")-O(11")-Zn(1") 121.8(2) 
C(11")-O(11")-Zn(2") 122.6(2) 
Zn(1")-O(11")-Zn(2") 98.13(12) 
C(11")-C(12")-C(30") 119.5(4) 
C(11")-C(12")-C(13") 123.1(4) 
C(30")-C(12")-C(13") 117.1(4) 
N(14")-C(13")-C(12") 114.1(3) 
C(13")-N(14")-C(15") 109.0(3) 
C(13")-N(14")-Zn(2") 108.4(3) 
C(15")-N(14")-Zn(2") 116.9(3) 
N(14")-C(15")-C(16") 115.7(3) 
C(17")-C(16")-C(15") 112.5(4) 
C(17")-C(16")-C(34") 107.6(4) 
C(15")-C(16")-C(34") 105.6(4) 
C(17")-C(16")-C(33") 110.9(4) 
C(15")-C(16")-C(33") 111.1(4) 
C(34")-C(16")-C(33") 108.9(4) 
N(18")-C(17")-C(16") 114.8(4) 
C(19")-N(18")-C(17") 110.1(3) 
C(19")-N(18")-Zn(2") 110.6(2) 
C(17")-N(18")-Zn(2") 115.8(3) 
N(18")-C(19")-C(20") 112.1(3) 
C(21")-C(20")-C(1") 119.8(4) 
C(21")-C(20")-C(19") 119.5(3) 
C(1")-C(20")-C(19") 120.7(3) 
C(22")-C(21")-C(20") 121.0(4) 
O(24")-C(22")-C(21") 125.5(4) 
O(24")-C(22")-C(23") 115.6(4) 
C(21")-C(22")-C(23") 118.9(4) 
C(22")-C(23")-C(2") 121.1(4) 
C(22")-O(24")-C(25") 117.5(3) 
C(10")-C(28")-C(29") 119.8(5) 
C(30")-C(29")-O(31") 121.2(5) 
C(30")-C(29")-C(28") 119.5(5) 
O(31")-C(29")-C(28") 119.3(5) 
C(29")-C(30")-C(12") 121.4(5) 
C(32")-O(31")-C(29") 116.9(6) 
C(32")-O(31")-C(32C) 77.9(8) 
C(29")-O(31")-C(32C) 119.8(7) 
C(41")-O(40")-Zn(1") 130.5(3) 
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O(42")-C(
O(42")-C(
O(40")-C(
C(41")-O(
C(46")-O(
C(46")-O(
Zn(3")-O(
O(47")-C(
O(47")-C(
O(45")-C(
 
Full List 
 
Co(1)-O(1
Co(1)-O(4
Co(1)-N(8
Co(1)-O(4
Co(1)-N(4
Co(1)-O(1
Co(2)-O(4
Co(2)-O(5
Co(2)-O(1
Co(2)-N(1
Co(2)-N(1
Co(2)-O(1
Co(3)-O(5
Co(3)-O(5
Co(3)-O(1
Co(3)-O(4
O(1)-C(1)
C(1)-C(20
C(1)-C(2)
C(2)-C(23
C(2)-C(3)
C(3)-N(4)
N(4)-C(5)
a g e  
41")-O(40") 
41")-C(43") 
41")-C(43") 
42")-Zn(2") 
45")-Zn(3") 
45")-Zn(1") 
45")-Zn(1") 
46")-O(45") 
46")-C(48") 
46")-C(48") 
of Bond Leng
1) 2.057
0) 2.105
) 2.112
5) 2.116
) 2.133
) 2.227
2) 2.073
0) 2.075
1) 2.084
4) 2.138
8) 2.139
) 2.189
2) 1.948
5) 1.968
) 2.007
5) 2.034
 1.370
) 1.393
 1.403
) 1.388
 1.511
 1.469
 1.483
126.3(4) 
117.7(4) 
116.0(4) 
128.4(3) 
125.5(3) 
137.2(3) 
97.22(10)
124.0(4) 
120.0(4) 
115.9(4) 
ths and Bond
1(16) 
5(15) 
(2) 
3(16) 
(2) 
3(17) 
9(16) 
9(16) 
5(17) 
(2) 
(2) 
7(16) 
(2) 
(2) 
5(15) 
5(19) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
 
 Angles for [L
 
C(
O(
O(
O(
C(
C(
O(
O(
O(
1Co3(OAc)4
C(
C(
C(
C(
C(
N(
C(
C(
C(
C(
C(
C(
C(
C(
N(
C(
C(
C(
C(
C(
N(
C(
C(
51")-O(50")-Z
50")-C(51")-O
50")-C(51")-C
52")-C(51")-C
51")-O(52")-Z
56")-O(55")-Z
57")-C(56")-O
57")-C(56")-C
55")-C(56")-C
] – I 
5)-C(6)
6)-C(28)
6)-C(7)
6)-C(29)
7)-N(8)
8)-C(9)
9)-C(10)
10)-C(30)
10)-C(11)
11)-O(11)
11)-C(12)
12)-C(32)
12)-C(13)
13)-N(14)
14)-C(15)
15)-C(16)
16)-C(37)
16)-C(17)
16)-C(38)
17)-N(18)
18)-C(19)
19)-C(20)
20)-C(21)
n(2") 13
(52") 12
(53") 12
(53") 11
n(3") 11
n(3") 11
(55") 12
(58") 12
(58") 11
1.522(4) 
1.521(4) 
1.538(3) 
1.542(3) 
1.480(3) 
1.480(3) 
1.498(3) 
1.393(3) 
1.411(3) 
1.351(3) 
1.404(3) 
1.384(4) 
1.499(4) 
1.484(3) 
1.481(3) 
1.520(4) 
1.515(4) 
1.527(4) 
1.548(4) 
1.476(3) 
1.481(3) 
1.504(3) 
1.384(3) 
Appe
8.6(3) 
5.1(4) 
0.5(4) 
4.4(4) 
6.8(3) 
1.9(3) 
2.7(5) 
1.9(5) 
5.4(5) 
 
ndices 
 
Appendices 
 
 
 
255 | P a g e  
 
C(21)-C(22) 1.381(4) 
C(22)-C(23) 1.401(4) 
C(22)-C(24') 1.531(7) 
C(22)-C(24") 1.532(13) 
C(22)-C(24) 1.568(6) 
C(24)-C(27) 1.523(8) 
C(24)-C(25) 1.524(8) 
C(24)-C(26) 1.541(8) 
C(24')-C(25') 1.486(9) 
C(24')-C(26') 1.534(8) 
C(24')-C(27') 1.558(9) 
C(24")-C(26") 1.516(13) 
C(24")-C(27") 1.527(13) 
C(24")-C(25") 1.528(13) 
C(30)-C(31) 1.385(3) 
C(31)-C(32) 1.386(4) 
C(31)-C(33) 1.530(4) 
C(33)-C(34) 1.523(4) 
C(33)-C(35) 1.527(4) 
C(33)-C(36) 1.538(4) 
O(40)-C(41) 1.244(3) 
C(41)-O(42) 1.261(3) 
C(41)-C(43) 1.509(4) 
O(45)-C(46) 1.289(3) 
C(46)-O(47) 1.216(3) 
C(46)-C(48) 1.511(4) 
O(50)-C(51) 1.248(3) 
C(51)-O(52) 1.250(3) 
C(51)-C(53) 1.492(4) 
O(55)-C(56) 1.283(4) 
C(56)-O(57) 1.237(4) 
C(56)-C(58) 1.467(5) 
 
O(11)-Co(1)-O(40) 93.24(6) 
O(11)-Co(1)-N(8) 94.97(7) 
O(40)-Co(1)-N(8) 83.92(7) 
O(11)-Co(1)-O(45) 91.09(6) 
O(40)-Co(1)-O(45) 168.77(7) 
N(8)-Co(1)-O(45) 106.03(7) 
O(11)-Co(1)-N(4) 172.10(7) 
O(40)-Co(1)-N(4) 81.36(7) 
N(8)-Co(1)-N(4) 90.21(8) 
O(45)-Co(1)-N(4) 93.22(7) 
O(11)-Co(1)-O(1) 83.75(6) 
O(40)-Co(1)-O(1) 92.37(6) 
N(8)-Co(1)-O(1) 176.01(7) 
O(45)-Co(1)-O(1) 77.80(6) 
N(4)-Co(1)-O(1) 90.68(7) 
O(42)-Co(2)-O(50) 170.13(7) 
O(42)-Co(2)-O(11) 93.81(7) 
O(50)-Co(2)-O(11) 94.79(7) 
O(42)-Co(2)-N(14) 87.33(8) 
O(50)-Co(2)-N(14) 87.34(8) 
O(11)-Co(2)-N(14) 93.27(7) 
O(42)-Co(2)-N(18) 82.56(7) 
O(50)-Co(2)-N(18) 89.24(7) 
O(11)-Co(2)-N(18) 174.20(7) 
N(14)-Co(2)-N(18) 91.08(8) 
O(42)-Co(2)-O(1) 92.64(6) 
O(50)-Co(2)-O(1) 93.07(6) 
O(11)-Co(2)-O(1) 84.06(6) 
N(14)-Co(2)-O(1) 177.32(8) 
N(18)-Co(2)-O(1) 91.57(7) 
O(52)-Co(3)-O(55) 122.77(9) 
O(52)-Co(3)-O(1) 116.37(7) 
O(55)-Co(3)-O(1) 114.54(8) 
O(52)-Co(3)-O(45) 105.56(9) 
O(55)-Co(3)-O(45) 103.20(8) 
O(1)-Co(3)-O(45) 84.93(7) 
C(1)-O(1)-Co(3) 119.44(14) 
C(1)-O(1)-Co(2) 117.16(13) 
Co(3)-O(1)-Co(2) 111.07(7) 
C(1)-O(1)-Co(1) 118.51(14) 
Co(3)-O(1)-Co(1) 97.12(6) 
Co(2)-O(1)-Co(1) 87.72(6) 
O(1)-C(1)-C(20) 120.9(2) 
O(1)-C(1)-C(2) 120.6(2) 
C(20)-C(1)-C(2) 118.5(2) 
C(23)-C(2)-C(1) 119.1(2) 
C(23)-C(2)-C(3) 119.5(2) 
C(1)-C(2)-C(3) 121.2(2) 
N(4)-C(3)-C(2) 112.9(2) 
C(3)-N(4)-C(5) 110.93(19) 
C(3)-N(4)-Co(1) 112.76(15) 
C(5)-N(4)-Co(1) 115.42(15) 
N(4)-C(5)-C(6) 114.0(2) 
C(28)-C(6)-C(5) 111.4(2) 
C(28)-C(6)-C(7) 111.4(2) 
C(5)-C(6)-C(7) 111.9(2) 
C(28)-C(6)-C(29) 109.1(2) 
C(5)-C(6)-C(29) 107.2(2) 
C(7)-C(6)-C(29) 105.5(2) 
N(8)-C(7)-C(6) 115.06(19) 
C(7)-N(8)-C(9) 108.68(18) 
C(7)-N(8)-Co(1) 120.10(16) 
C(9)-N(8)-Co(1) 108.88(15) 
N(8)-C(9)-C(10) 114.67(19) 
C(30)-C(10)-C(11) 120.0(2) 
C(30)-C(10)-C(9) 117.3(2) 
C(11)-C(10)-C(9) 122.3(2) 
O(11)-C(11)-C(12) 121.3(2) 
O(11)-C(11)-C(10) 121.5(2) 
C(12)-C(11)-C(10) 117.1(2) 
C(11)-O(11)-Co(1) 122.90(14) 
C(11)-O(11)-Co(2) 122.25(14) 
Co(1)-O(11)-Co(2) 95.29(7) 
C(32)-C(12)-C(11) 120.2(2) 
C(32)-C(12)-C(13) 118.7(2) 
C(11)-C(12)-C(13) 120.7(2) 
N(14)-C(13)-C(12) 112.9(2) 
C(15)-N(14)-C(13) 109.33(19) 
C(15)-N(14)-Co(2) 117.81(17) 
C(13)-N(14)-Co(2) 107.45(15) 
N(14)-C(15)-C(16) 115.3(2) 
C(37)-C(16)-C(15) 111.7(3) 
C(37)-C(16)-C(17) 112.1(2) 
C(15)-C(16)-C(17) 111.9(2) 
C(37)-C(16)-C(38) 109.1(2) 
C(15)-C(16)-C(38) 105.8(2) 
C(17)-C(16)-C(38) 105.9(2) 
N(18)-C(17)-C(16) 114.2(2) 
C(17)-N(18)-C(19) 110.8(2) 
C(17)-N(18)-Co(2) 116.64(16) 
C(19)-N(18)-Co(2) 110.24(14) 
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N(18)-C(1
C(21)-C(2
C(21)-C(2
C(1)-C(20
C(22)-C(2
C(21)-C(2
C(21)-C(2
C(23)-C(2
C(21)-C(2
C(23)-C(2
C(21)-C(2
C(23)-C(2
C(2)-C(23
C(27)-C(2
C(27)-C(2
C(25)-C(2
C(27)-C(2
C(25)-C(2
C(26)-C(2
C(25')-C(2
C(25')-C(2
C(22)-C(2
C(25')-C(2
C(22)-C(2
C(26')-C(2
C(26")-C(
C(26")-C(
C(27")-C(
C(26")-C(
C(27")-C(
C(25")-C(
 
Full List 
 
a g e  
9)-C(20)  
0)-C(1)  
0)-C(19)  
)-C(19)  
1)-C(20)  
2)-C(23)  
2)-C(24')  
2)-C(24')  
2)-C(24") 
2)-C(24") 
2)-C(24)  
2)-C(24)  
)-C(22)  
4)-C(25)  
4)-C(26)  
4)-C(26)  
4)-C(22)  
4)-C(22)  
4)-C(22)  
4')-C(22) 
4')-C(26') 
4')-C(26') 
4')-C(27') 
4')-C(27') 
4')-C(27') 
24")-C(27") 
24")-C(25") 
24")-C(25") 
24")-C(22) 
24")-C(22) 
24")-C(22) 
of Bond Leng
111.6(2) 
120.0(2) 
119.7(2) 
120.3(2) 
122.6(2) 
116.2(2) 
127.2(3) 
115.1(3) 
120.5(7) 
123.2(7) 
117.2(3) 
126.0(3) 
122.5(2) 
110.8(5) 
107.8(6) 
108.9(5) 
110.3(5) 
113.5(5) 
105.4(5) 
120.0(6) 
109.0(6) 
110.5(5) 
108.9(6) 
102.1(6) 
105.2(6) 
110.9(11)
107.0(11)
107.2(10)
106.5(13)
112.7(12)
112.5(13)
ths and Bond
 
 
 
 
 
 
 Angles for [L
 
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
O(
O(
O(
C(
C(
C(
Co
O(
O(
O(
C(
O(
O(
O(
C(
C(
O(
O(
O(
1Co2(OAc)3
31)-C(30)-C(1
30)-C(31)-C(3
30)-C(31)-C(3
32)-C(31)-C(3
12)-C(32)-C(3
34)-C(33)-C(3
34)-C(33)-C(3
35)-C(33)-C(3
34)-C(33)-C(3
35)-C(33)-C(3
31)-C(33)-C(3
41)-O(40)-Co(
40)-C(41)-O(4
40)-C(41)-C(4
42)-C(41)-C(4
41)-O(42)-Co(
46)-O(45)-Co(
46)-O(45)-Co(
(3)-O(45)-Co(
47)-C(46)-O(4
47)-C(46)-C(4
45)-C(46)-C(4
51)-O(50)-Co(
50)-C(51)-O(5
50)-C(51)-C(5
52)-C(51)-C(5
51)-O(52)-Co(
56)-O(55)-Co(
57)-C(56)-O(5
57)-C(56)-C(5
55)-C(56)-C(5
] – III 
0)  12
2)  11
3)  12
3)  12
1)  12
5)  10
1)  11
1)  10
6)  10
6)  10
6)  10
1)  12
2)  12
3)  11
3)  11
2)  12
3)  12
1)  13
1)  99
5)  12
8)  12
8)  11
2)  14
2)  12
3)  11
3)  11
3)  12
3)  10
5)  11
8)  12
8)  11
 
Appe
2.9(2) 
5.8(2) 
3.1(2) 
1.1(2) 
3.3(2) 
9.4(3) 
2.8(2) 
9.8(2) 
7.7(2) 
9.2(2) 
7.9(2) 
7.96(16) 
5.6(2) 
7.1(2) 
7.2(2) 
8.50(15) 
5.06(17) 
4.78(18) 
.91(7) 
2.7(2) 
0.9(2) 
6.4(3) 
3.93(17) 
5.6(2) 
7.2(3) 
7.2(2) 
3.01(17) 
1.21(19) 
9.5(3) 
2.6(3) 
7.9(3) 
ndices 
 
Appendices 
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Co(1)-O(11) 2.0440(17) 
Co(1)-O(45) 2.0461(19) 
Co(1)-O(40) 2.0993(19) 
Co(1)-N(4) 2.128(2) 
Co(1)-O(1) 2.1530(17) 
Co(1)-N(8) 2.158(2) 
Co(2)-O(42) 1.9060(18) 
Co(2)-O(50) 1.9246(19) 
Co(2)-O(1) 1.9307(18) 
Co(2)-O(11) 1.9411(17) 
Co(2)-N(18) 1.957(2) 
Co(2)-N(14) 1.978(2) 
O(1)-C(1) 1.353(3) 
C(1)-C(2) 1.405(4) 
C(1)-C(20) 1.412(3) 
C(2)-C(23) 1.389(4) 
C(2)-C(3) 1.523(3) 
C(3)-N(4) 1.482(4) 
N(4)-C(5) 1.482(4) 
C(5)-C(6) 1.535(4) 
C(6)-C(28) 1.532(4) 
C(6)-C(7) 1.533(4) 
C(6)-C(29) 1.535(5) 
C(7)-N(8) 1.479(4) 
N(8)-C(9) 1.472(4) 
C(9)-C(10) 1.500(4) 
C(10)-C(30) 1.402(4) 
C(10)-C(11) 1.408(4) 
C(11)-O(11) 1.349(3) 
C(11)-C(12) 1.399(4) 
C(12)-C(32) 1.387(4) 
C(12)-C(13) 1.492(4) 
C(13)-N(14) 1.499(3) 
N(14)-C(15) 1.485(3) 
C(15)-C(16) 1.529(4) 
C(16)-C(38) 1.532(4) 
C(16)-C(37) 1.537(4) 
C(16)-C(17) 1.538(4) 
C(17)-N(18) 1.486(4) 
N(18)-C(19) 1.490(4) 
C(19)-C(20) 1.496(4) 
C(20)-C(21) 1.385(4) 
C(21)-C(22) 1.389(4) 
C(22)-C(23) 1.402(4) 
C(22)-C(24) 1.535(4) 
C(24)-C(25) 1.514(5) 
C(24)-C(26) 1.525(6) 
C(24)-C(27) 1.547(6) 
C(30)-C(31) 1.383(4) 
C(31)-C(32) 1.396(4) 
C(31)-C(33) 1.539(4) 
C(33)-C(35") 1.497(13) 
C(33)-C(34') 1.499(8) 
C(33)-C(34") 1.516(11) 
C(33)-C(36') 1.520(9) 
C(33)-C(36) 1.520(8) 
C(33)-C(35) 1.552(9) 
C(33)-C(36") 1.570(12) 
C(33)-C(34) 1.575(8) 
C(33)-C(35') 1.615(9) 
O(40)-C(41) 1.236(3) 
C(41)-O(42) 1.290(3) 
C(41)-C(43) 1.495(4) 
O(45)-C(46) 1.262(4) 
C(46)-O(47) 1.249(4) 
C(46)-C(48) 1.499(4) 
O(50)-C(51) 1.280(3) 
C(51)-O(52) 1.235(4) 
C(51)-C(53) 1.507(5) 
 
O(11)-Co(1)-O(45)  98.34(8) 
O(11)-Co(1)-O(40)  88.24(7) 
O(45)-Co(1)-O(40)  87.49(8) 
O(11)-Co(1)-N(4)  158.95(8) 
O(45)-Co(1)-N(4)  102.32(8) 
O(40)-Co(1)-N(4)  96.55(8) 
O(11)-Co(1)-O(1)  77.93(7) 
O(45)-Co(1)-O(1)  170.01(9) 
O(40)-Co(1)-O(1)  83.16(7) 
N(4)-Co(1)-O(1)  82.30(7) 
O(11)-Co(1)-N(8)  86.85(8) 
O(45)-Co(1)-N(8)  91.28(9) 
O(40)-Co(1)-N(8)  174.72(8) 
N(4)-Co(1)-N(8)  88.73(9) 
O(1)-Co(1)-N(8)  97.71(8) 
O(42)-Co(2)-O(50)  175.15(8) 
O(42)-Co(2)-O(1)  88.68(8) 
O(50)-Co(2)-O(1)  86.52(8) 
O(42)-Co(2)-O(11)  91.33(8) 
O(50)-Co(2)-O(11)  87.58(8) 
O(1)-Co(2)-O(11)  86.00(7) 
O(42)-Co(2)-N(18)  91.73(9) 
O(50)-Co(2)-N(18)  89.49(9) 
O(1)-Co(2)-N(18)  95.66(8) 
O(11)-Co(2)-N(18)  176.54(8) 
O(42)-Co(2)-N(14)  89.97(9) 
O(50)-Co(2)-N(14)  94.81(9) 
O(1)-Co(2)-N(14)  178.13(8) 
O(11)-Co(2)-N(14)  92.74(8) 
N(18)-Co(2)-N(14)  85.67(9) 
C(1)-O(1)-Co(2)  121.56(15) 
C(1)-O(1)-Co(1)  125.29(15) 
Co(2)-O(1)-Co(1)  95.07(7) 
O(1)-C(1)-C(2)  123.0(2) 
O(1)-C(1)-C(20)  118.9(2) 
C(2)-C(1)-C(20)  117.9(2) 
C(23)-C(2)-C(1)  119.0(2) 
C(23)-C(2)-C(3)  116.1(2) 
C(1)-C(2)-C(3)  124.9(2) 
N(4)-C(3)-C(2)  114.1(2) 
C(5)-N(4)-C(3)  111.5(2) 
C(5)-N(4)-Co(1)  112.59(17) 
C(3)-N(4)-Co(1)  109.39(16) 
N(4)-C(5)-C(6)  115.0(2) 
C(28)-C(6)-C(7)  106.9(2) 
C(28)-C(6)-C(5)  110.5(3) 
C(7)-C(6)-C(5)  112.7(2) 
C(28)-C(6)-C(29)  109.4(3) 
C(7)-C(6)-C(29)  109.3(3) 
C(5)-C(6)-C(29)  108.0(3) 
N(8)-C(7)-C(6)  114.2(2) 
C(9)-N(8)-C(7)  109.6(2) 
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C(9)-N(8)-Co(1)  109.92(18) 
C(7)-N(8)-Co(1)  110.17(18) 
N(8)-C(9)-C(10)  113.2(2) 
C(30)-C(10)-C(11)  117.8(2) 
C(30)-C(10)-C(9)  118.4(2) 
C(11)-C(10)-C(9)  123.7(2) 
O(11)-C(11)-C(12)  117.3(2) 
O(11)-C(11)-C(10)  123.5(2) 
C(12)-C(11)-C(10)  119.2(2) 
C(11)-O(11)-Co(2)  114.10(14) 
C(11)-O(11)-Co(1)  128.92(16) 
Co(2)-O(11)-Co(1)  98.35(8) 
C(32)-C(12)-C(11)  120.7(3) 
C(32)-C(12)-C(13)  122.2(3) 
C(11)-C(12)-C(13)  117.1(2) 
C(12)-C(13)-N(14)  112.4(2) 
C(15)-N(14)-C(13)  109.8(2) 
C(15)-N(14)-Co(2)  114.15(17) 
C(13)-N(14)-Co(2)  112.50(16) 
N(14)-C(15)-C(16)  116.3(2) 
C(15)-C(16)-C(38)  109.9(2) 
C(15)-C(16)-C(37)  107.1(3) 
C(38)-C(16)-C(37)  109.3(2) 
C(15)-C(16)-C(17)  113.7(2) 
C(38)-C(16)-C(17)  109.9(3) 
C(37)-C(16)-C(17)  106.9(2) 
N(18)-C(17)-C(16)  112.1(2) 
C(17)-N(18)-C(19)  114.0(2) 
C(17)-N(18)-Co(2)  115.12(17) 
C(19)-N(18)-Co(2)  111.37(16) 
N(18)-C(19)-C(20)  114.0(2) 
C(21)-C(20)-C(1)  121.0(2) 
C(21)-C(20)-C(19)  120.1(2) 
C(1)-C(20)-C(19)  118.5(2) 
C(20)-C(21)-C(22)  122.3(2) 
C(21)-C(22)-C(23)  115.8(3) 
C(21)-C(22)-C(24)  123.3(2) 
C(23)-C(22)-C(24)  120.8(3) 
C(2)-C(23)-C(22)  123.9(3) 
C(25)-C(24)-C(26)  108.4(3) 
C(25)-C(24)-C(22)  112.3(3) 
C(26)-C(24)-C(22)  110.4(3) 
C(25)-C(24)-C(27)  108.8(3) 
C(26)-C(24)-C(27)  108.1(3) 
C(22)-C(24)-C(27)  108.6(3) 
C(31)-C(30)-C(10)  123.7(3) 
C(30)-C(31)-C(32)  117.0(3) 
C(30)-C(31)-C(33)  120.9(3) 
C(32)-C(31)-C(33)  122.1(3) 
C(12)-C(32)-C(31)  121.4(3) 
C(31)-C(33)-C(34)  109.8(4) 
C(31)-C(33)-C(35)  112.1(5) 
C(36)-C(33)-C(31)  115.3(5) 
C(34')-C(33)-C(31)  113.1(5) 
C(31)-C(33)-C(35')  103.3(5) 
C(36')-C(33)-C(31)  112.5(5) 
C(34")-C(33)-C(31) 112.7(7) 
C(35")-C(33)-C(31) 108.4(13) 
C(31)-C(33)-C(36") 103.7(10) 
C(35)-C(33)-C(34)  106.4(6) 
C(36)-C(33)-C(34)  106.3(6) 
C(36)-C(33)-C(35)  106.5(6) 
C(34')-C(33)-C(35') 107.9(6) 
C(34')-C(33)-C(36') 112.3(6) 
C(36')-C(33)-C(35') 107.0(6) 
C(35")-C(33)-C(34") 114.1(10) 
C(34")-C(33)-C(36") 107.7(9) 
C(35")-C(33)-C(36") 109.6(10) 
C(41)-O(40)-Co(1)  125.85(16) 
O(40)-C(41)-O(42)  126.8(2) 
O(40)-C(41)-C(43)  119.1(2) 
O(42)-C(41)-C(43)  114.1(2) 
C(41)-O(42)-Co(2)  128.15(17) 
C(46)-O(45)-Co(1)  127.8(2) 
O(47)-C(46)-O(45)  124.6(3) 
O(47)-C(46)-C(48)  119.9(3) 
O(45)-C(46)-C(48)  115.5(3) 
C(51)-O(50)-Co(2)  128.76(19) 
O(52)-C(51)-O(50)  125.7(3) 
O(52)-C(51)-C(53)  119.9(3) 
O(50)-C(51)-C(53)  114.4(3) 
 
 
Full List of Bond Lengths and Bond Angles for [L1Co3Br4] 
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Co(1)-O(1
Co(1)-N(8
Co(1)-N(4
Co(1)-O(1
Co(1)-Br(
Co(1)-Br(
Co(1)-Co(
Co(2)-O(1
Co(2)-N(1
Co(2)-N(1
Co(2)-O(1
Co(2)-Br(
Co(2)-Br(
Co(3)-O(1
Co(3)-Br(
Co(3)-Br(
Co(3)-Br(
O(1)-C(1)
C(1)-C(2)
C(1)-C(20
C(2)-C(23
C(2)-C(3)
C(3)-N(4)
N(4)-C(5)
C(5)-C(6)
C(6)-C(28
C(6)-C(7)
C(6)-C(29
C(7)-N(8)
N(8)-C(9)
C(9)-C(10
C(10)-C(3
C(10)-C(1
C(11)-O(1
C(11)-C(1
C(12)-C(3
C(12)-C(1
C(13)-N(1
N(14)-C(1
C(15)-C(1
C(16)-C(1
C(16)-C(3
C(16)-C(3
a g e  
1) 2.047
) 2.098
) 2.109
) 2.184
1) 2.670
2) 2.743
2) 2.949
1) 2.049
4) 2.106
8) 2.108
) 2.153
1) 2.776
3) 2.786
) 2.010
4) 2.352
3) 2.424
2) 2.429
 1.386
 1.392
) 1.392
) 1.389
 1.500
 1.491
 1.479
 1.517
) 1.526
 1.529
) 1.530
 1.481
 1.487
) 1.495
0) 1.400
1) 1.406
1) 1.350
2) 1.404
2) 1.398
3) 1.488
4) 1.492
5) 1.470
6) 1.530
7) 1.528
7) 1.531
8) 1.538
1(14) 
6(18) 
1(18) 
4(14) 
4(4) 
8(4) 
0(4) 
4(14) 
4(18) 
5(18) 
8(14) 
7(4) 
0(4) 
9(14) 
1(4) 
0(4) 
1(4) 
(2) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(2) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
 
C(
N(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
 
O(
O(
N(
O(
N(
N(
O(
N(
N(
O(
O(
N(
N(
O(
Br
O(
N(
N(
O(
Br
Br
O(
O(
17)-N(18)
18)-C(19)
19)-C(20)
20)-C(21)
21)-C(22)
22)-C(23)
22)-C(24)
24)-C(26')
24)-C(27)
24)-C(25)
24)-C(26)
24)-C(25')
24)-C(27')
30)-C(31)
31)-C(32)
31)-C(33)
33)-C(34)
33)-C(35)
33)-C(36)
11)-Co(1)-N(8
11)-Co(1)-N(4
8)-Co(1)-N(4)
11)-Co(1)-O(1
8)-Co(1)-O(1)
4)-Co(1)-O(1)
11)-Co(1)-Br(
8)-Co(1)-Br(1)
4)-Co(1)-Br(1)
1)-Co(1)-Br(1)
11)-Co(1)-Br(2
8)-Co(1)-Br(2)
4)-Co(1)-Br(2)
1)-Co(1)-Br(2)
(1)-Co(1)-Br(2
11)-Co(1)-Co(
8)-Co(1)-Co(2
4)-Co(1)-Co(2
1)-Co(1)-Co(2
(1)-Co(1)-Co(2
(2)-Co(1)-Co(2
11)-Co(2)-N(1
11)-Co(2)-N(1
1.490(3) 
1.497(3) 
1.503(3) 
1.391(3) 
1.376(3) 
1.383(3) 
1.543(3) 
1.494(15) 
1.517(3) 
1.519(4) 
1.543(4) 
1.544(15) 
1.576(15) 
1.382(3) 
1.382(3) 
1.534(3) 
1.523(4) 
1.525(3) 
1.532(4) 
) 94.06(6) 
) 172.70(6) 
 93.22(7) 
) 82.87(5) 
 176.89(6) 
 89.85(6) 
1) 82.27(4) 
 97.34(5) 
 97.32(5) 
 81.82(4) 
) 86.91(4) 
 97.67(5) 
 91.60(5) 
 82.68(4) 
) 162.059(14)
2) 43.99(4) 
) 130.33(5) 
) 129.88(5) 
) 46.74(4) 
) 58.975(10) 
) 103.507(12)
4) 92.04(6) 
8) 172.79(7) 
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N(14)-Co(2)-N(18) 94.13(7) 
O(11)-Co(2)-O(1) 83.58(5) 
N(14)-Co(2)-O(1) 174.12(7) 
N(18)-Co(2)-O(1) 90.51(6) 
O(11)-Co(2)-Br(1) 79.58(4) 
N(14)-Co(2)-Br(1) 103.26(5) 
N(18)-Co(2)-Br(1) 95.35(5) 
O(1)-Co(2)-Br(1) 79.86(4) 
O(11)-Co(2)-Br(3) 87.41(4) 
N(14)-Co(2)-Br(3) 94.76(5) 
N(18)-Co(2)-Br(3) 95.79(5) 
O(1)-Co(2)-Br(3) 81.16(4) 
Br(1)-Co(2)-Br(3) 158.027(14) 
O(11)-Co(2)-Co(1) 43.93(4) 
N(14)-Co(2)-Co(1) 130.19(5) 
N(18)-Co(2)-Co(1) 128.89(5) 
O(1)-Co(2)-Co(1) 47.61(4) 
Br(1)-Co(2)-Co(1) 55.502(9) 
Br(3)-Co(2)-Co(1) 103.086(12) 
O(1)-Co(3)-Br(4) 110.47(4) 
O(1)-Co(3)-Br(3) 93.75(4) 
Br(4)-Co(3)-Br(3) 115.477(15) 
O(1)-Co(3)-Br(2) 94.86(4) 
Br(4)-Co(3)-Br(2) 115.536(15) 
Br(3)-Co(3)-Br(2) 120.870(15) 
Co(1)-Br(1)-Co(2) 65.522(10) 
Co(3)-Br(2)-Co(1) 77.795(11) 
Co(3)-Br(3)-Co(2) 77.516(11) 
C(1)-O(1)-Co(3) 117.07(12) 
C(1)-O(1)-Co(2) 122.10(12) 
Co(3)-O(1)-Co(2) 103.59(6) 
C(1)-O(1)-Co(1) 120.95(12) 
Co(3)-O(1)-Co(1) 101.79(6) 
Co(2)-O(1)-Co(1) 85.65(5) 
O(1)-C(1)-C(2) 120.27(19) 
O(1)-C(1)-C(20) 120.58(19) 
C(2)-C(1)-C(20) 119.1(2) 
C(23)-C(2)-C(1) 119.3(2) 
C(23)-C(2)-C(3) 119.4(2) 
C(1)-C(2)-C(3) 121.1(2) 
N(4)-C(3)-C(2) 112.96(18) 
C(5)-N(4)-C(3) 107.90(17) 
C(5)-N(4)-Co(1) 117.08(14) 
C(3)-N(4)-Co(1) 112.25(13) 
N(4)-C(5)-C(6) 115.55(18) 
C(5)-C(6)-C(28) 111.19(19) 
C(5)-C(6)-C(7) 111.39(18) 
C(28)-C(6)-C(7) 111.64(19) 
C(5)-C(6)-C(29) 106.81(19) 
C(28)-C(6)-C(29) 109.90(19) 
C(7)-C(6)-C(29) 105.64(18) 
N(8)-C(7)-C(6) 116.40(18) 
C(7)-N(8)-C(9) 106.86(17) 
C(7)-N(8)-Co(1) 118.19(14) 
C(9)-N(8)-Co(1) 108.34(13) 
N(8)-C(9)-C(10) 114.60(19) 
C(30)-C(10)-C(11) 119.8(2) 
C(30)-C(10)-C(9) 118.2(2) 
C(11)-C(10)-C(9) 121.8(2) 
O(11)-C(11)-C(12) 121.32(19) 
O(11)-C(11)-C(10) 121.17(19) 
C(12)-C(11)-C(10) 117.46(19) 
C(11)-O(11)-Co(1)  124.43(13) 
C(11)-O(11)-Co(2)  123.49(13) 
Co(1)-O(11)-Co(2)  92.09(6) 
C(32)-C(12)-C(11)  120.6(2) 
C(32)-C(12)-C(13)  118.6(2) 
C(11)-C(12)-C(13)  120.83(19) 
C(12)-C(13)-N(14)  111.50(18) 
C(15)-N(14)-C(13)  109.55(17) 
C(15)-N(14)-Co(2)  117.13(14) 
C(13)-N(14)-Co(2)  108.94(13) 
N(14)-C(15)-C(16)  114.14(19) 
C(17)-C(16)-C(15)  110.6(2) 
C(17)-C(16)-C(37)  111.8(2) 
C(15)-C(16)-C(37)  110.9(2) 
C(17)-C(16)-C(38)  107.0(2) 
C(15)-C(16)-C(38)  106.4(2) 
C(37)-C(16)-C(38)  110.0(2) 
N(18)-C(17)-C(16)  115.09(19) 
C(17)-N(18)-C(19)  107.29(17) 
C(17)-N(18)-Co(2)  118.25(14) 
C(19)-N(18)-Co(2)  111.22(13) 
N(18)-C(19)-C(20)  112.81(18) 
C(21)-C(20)-C(1)  119.4(2) 
C(21)-C(20)-C(19)  119.3(2) 
C(1)-C(20)-C(19)  121.1(2) 
C(22)-C(21)-C(20)  122.5(2) 
C(21)-C(22)-C(23)  116.8(2) 
C(21)-C(22)-C(24)  120.9(2) 
C(23)-C(22)-C(24)  122.2(2) 
C(22)-C(23)-C(2)  122.6(2) 
C(26')-C(24)-C(27)  51.1(16) 
C(26')-C(24)-C(25)  131(2) 
C(27)-C(24)-C(25)  110.6(2) 
C(26')-C(24)-C(26)  57.4(16) 
C(27)-C(24)-C(26)  107.8(2) 
C(25)-C(24)-C(26)  107.8(2) 
C(26')-C(24)-C(22)  120(2) 
C(27)-C(24)-C(22)  110.5(2) 
C(25)-C(24)-C(22)  108.5(2) 
C(26)-C(24)-C(22)  111.6(2) 
C(26')-C(24)-C(25') 110.4(14) 
C(27)-C(24)-C(25')  139.5(18) 
C(25)-C(24)-C(25')  50.1(15) 
C(26)-C(24)-C(25')  60.8(15) 
C(22)-C(24)-C(25')  109.6(17) 
C(26')-C(24)-C(27') 107.3(14) 
C(27)-C(24)-C(27')  60.8(15) 
C(25)-C(24)-C(27')  55.7(15) 
C(26)-C(24)-C(27')  144.7(19) 
C(22)-C(24)-C(27')  103.5(19) 
C(25')-C(24)-C(27') 104.5(13) 
C(31)-C(30)-C(10)  122.9(2) 
C(32)-C(31)-C(30)  116.7(2) 
C(32)-C(31)-C(33)  123.4(2) 
C(30)-C(31)-C(33)  119.9(2) 
C(31)-C(32)-C(12)  122.3(2) 
C(34)-C(33)-C(35)  110.3(2) 
C(34)-C(33)-C(36)  108.4(2) 
C(35)-C(33)-C(36)  107.9(2) 
C(34)-C(33)-C(31)  108.9(2) 
C(35)-C(33)-C(31)  110.1(2) 
C(36)-C(33)-C(31)  111.3(2) 
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Full List 
 
Co(1)-O(1
Co(1)-N(8
Co(1)-N(4
Co(1)-O(1
Co(1)-I(1)
Co(1)-I(2)
Co(1)-Co(
Co(2)-O(1
Co(2)-N(1
Co(2)-N(1
Co(2)-O(1
Co(2)-I(1)
Co(2)-I(3)
Co(3)-O(1
Co(3)-I(4)
Co(3)-I(4'
Co(3)-I(3)
Co(3)-I(2)
O(1)-C(1)
C(1)-C(20
C(1)-C(2)
C(2)-C(23
C(2)-C(3)
C(3)-N(4)
N(4)-C(5)
C(5)-C(6)
C(6)-C(28
C(6)-C(7)
C(6)-C(29
C(7)-N(8)
N(8)-C(9)
C(9)-C(10
C(10)-C(3
C(10)-C(1
C(11)-O(1
C(11)-C(1
C(12)-C(3
C(12)-C(1
C(13)-N(1
N(14)-C(1
C(15)-C(1
C(16)-C(3
a g e  
of Bond Leng
1) 2.049
) 2.092
) 2.111
) 2.194
 2.891
 2.933
2) 2.982
1) 2.049
8) 2.107
4) 2.108
) 2.177
 2.977
 2.994
) 2.004
 2.542
) 2.575
 2.599
 2.604
 1.394
) 1.392
 1.393
) 1.387
 1.492
 1.490
 1.478
 1.526
) 1.529
 1.530
) 1.532
 1.481
 1.490
) 1.496
0) 1.388
1) 1.405
1) 1.360
2) 1.402
2) 1.396
3) 1.492
4) 1.488
5) 1.477
6) 1.528
7) 1.530
ths and Bond
4(13) 
5(17) 
4(16) 
5(13) 
6(3) 
3(3) 
2(4) 
7(13) 
2(17) 
0(17) 
3(13) 
4(3) 
4(3) 
9(12) 
9(3) 
(8) 
6(3) 
6(3) 
(2) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(3) 
(2) 
(3) 
(3) 
(3) 
(2) 
(3) 
(3) 
(3) 
(2) 
(3) 
(3) 
(3) 
 Angles for [L
 
1Co3I4] 
C(
C(
C(
N(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
O(
O(
C(
C(
C(
 
O(
O(
N(
O(
N(
N(
O(
N(
N(
O(
O(
N(
N(
O(
I(1
16)-C(17)
16)-C(38)
17)-N(18)
18)-C(19)
19)-C(20)
20)-C(21)
21)-C(22)
22)-C(23)
22)-C(24)
24)-C(25')
24)-C(27)
24)-C(26)
24)-C(27')
24)-C(25)
24)-C(26')
30)-C(31)
31)-C(32)
31)-C(33)
33)-C(35)
33)-C(36)
33)-C(34)
40)-C(41)
40)-C(44)
41)-C(42)
42)-C(43)
43)-C(44)
11)-Co(1)-N(8
11)-Co(1)-N(4
8)-Co(1)-N(4)
11)-Co(1)-O(1
8)-Co(1)-O(1)
4)-Co(1)-O(1)
11)-Co(1)-I(1)
8)-Co(1)-I(1)
4)-Co(1)-I(1)
1)-Co(1)-I(1)
11)-Co(1)-I(2)
8)-Co(1)-I(2)
4)-Co(1)-I(2)
1)-Co(1)-I(2)
)-Co(1)-I(2)
1.531(3) 
1.537(3) 
1.490(3) 
1.493(3) 
1.499(3) 
1.396(3) 
1.377(3) 
1.394(3) 
1.536(3) 
1.347(8) 
1.463(4) 
1.525(4) 
1.543(8) 
1.598(4) 
1.694(9) 
1.391(3) 
1.381(3) 
1.526(3) 
1.524(3) 
1.526(3) 
1.548(3) 
1.419(4) 
1.425(3) 
1.490(5) 
1.535(5) 
1.496(4) 
) 94.30(6) 
) 172.29(6) 
 93.25(6) 
) 82.76(5) 
 176.93(6) 
 89.67(6) 
 82.58(4) 
95.56(4) 
95.12(5) 
83.23(3) 
 88.58(4) 
96.35(4) 
92.15(4) 
84.46(3) 
165.654(11)
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O(11)-Co(1)-Co(2) 43.32(4) 
N(8)-Co(1)-Co(2) 130.24(5) 
N(4)-Co(1)-Co(2) 129.31(5) 
O(1)-Co(1)-Co(2) 46.75(4) 
I(1)-Co(1)-Co(2) 60.891(8) 
I(2)-Co(1)-Co(2) 105.069(9) 
O(11)-Co(2)-N(18) 172.27(6) 
O(11)-Co(2)-N(14) 92.53(6) 
N(18)-Co(2)-N(14) 93.94(7) 
O(11)-Co(2)-O(1) 83.18(5) 
N(18)-Co(2)-O(1) 90.56(6) 
N(14)-Co(2)-O(1) 174.83(6) 
O(11)-Co(2)-I(1) 80.40(3) 
N(18)-Co(2)-I(1) 94.21(5) 
N(14)-Co(2)-I(1) 100.71(4) 
O(1)-Co(2)-I(1) 81.47(3) 
O(11)-Co(2)-Co(1) 43.32(4) 
N(18)-Co(2)-Co(1) 128.99(5) 
N(14)-Co(2)-Co(1) 130.15(5) 
O(1)-Co(2)-Co(1) 47.23(4) 
I(1)-Co(2)-Co(1) 58.051(7) 
O(11)-Co(2)-I(3) 88.65(3) 
N(18)-Co(2)-I(3) 95.05(5) 
N(14)-Co(2)-I(3) 94.63(4) 
O(1)-Co(2)-I(3) 82.42(3) 
I(1)-Co(2)-I(3) 161.460(11) 
Co(1)-Co(2)-I(3) 103.910(10) 
O(1)-Co(3)-I(4) 111.99(4) 
O(1)-Co(3)-I(4') 110.84(18) 
I(4)-Co(3)-I(4') 11.2(4) 
O(1)-Co(3)-I(3) 96.66(4) 
I(4)-Co(3)-I(3) 116.26(2) 
I(4')-Co(3)-I(3) 105.9(4) 
O(1)-Co(3)-I(2) 97.56(4) 
I(4)-Co(3)-I(2) 112.86(2) 
I(4')-Co(3)-I(2) 123.7(4) 
I(3)-Co(3)-I(2) 118.217(11) 
Co(1)-I(1)-Co(2) 61.058(8) 
Co(3)-I(2)-Co(1) 72.646(8) 
Co(3)-I(3)-Co(2) 72.525(8) 
C(1)-O(1)-Co(3) 115.52(10) 
C(1)-O(1)-Co(2) 121.15(11) 
Co(3)-O(1)-Co(2) 105.20(5) 
C(1)-O(1)-Co(1) 121.03(11) 
Co(3)-O(1)-Co(1) 103.11(6) 
Co(2)-O(1)-Co(1) 86.02(5) 
C(20)-C(1)-C(2) 119.48(18) 
C(20)-C(1)-O(1) 120.23(17) 
C(2)-C(1)-O(1) 120.24(18) 
C(23)-C(2)-C(1) 119.0(2) 
C(23)-C(2)-C(3) 119.43(19) 
C(1)-C(2)-C(3) 121.46(18) 
N(4)-C(3)-C(2) 114.09(17) 
C(5)-N(4)-C(3) 108.28(16) 
C(5)-N(4)-Co(1) 116.89(13) 
C(3)-N(4)-Co(1) 112.85(12) 
N(4)-C(5)-C(6) 116.21(17) 
C(5)-C(6)-C(28) 111.09(18) 
C(5)-C(6)-C(7) 111.78(16) 
C(28)-C(6)-C(7) 111.82(18) 
C(5)-C(6)-C(29) 106.46(18) 
C(28)-C(6)-C(29) 109.80(17) 
C(7)-C(6)-C(29)  105.59(18) 
N(8)-C(7)-C(6)  116.22(17) 
C(7)-N(8)-C(9)  106.94(15) 
C(7)-N(8)-Co(1)  118.34(13) 
C(9)-N(8)-Co(1)  108.91(12) 
N(8)-C(9)-C(10)  114.39(16) 
C(30)-C(10)-C(11)  119.73(18) 
C(30)-C(10)-C(9)  117.94(18) 
C(11)-C(10)-C(9)  121.99(18) 
O(11)-C(11)-C(12)  121.02(17) 
O(11)-C(11)-C(10)  121.44(17) 
C(12)-C(11)-C(10)  117.51(17) 
C(11)-O(11)-Co(1)  123.98(11) 
C(11)-O(11)-Co(2)  123.42(11) 
Co(1)-O(11)-Co(2)  93.36(5) 
C(32)-C(12)-C(11)  120.47(18) 
C(32)-C(12)-C(13)  118.07(18) 
C(11)-C(12)-C(13)  121.39(17) 
N(14)-C(13)-C(12)  111.88(15) 
C(15)-N(14)-C(13)  109.25(15) 
C(15)-N(14)-Co(2)  117.37(13) 
C(13)-N(14)-Co(2)  108.77(12) 
N(14)-C(15)-C(16)  114.14(17) 
C(15)-C(16)-C(37)  111.23(19) 
C(15)-C(16)-C(17)  111.22(18) 
C(37)-C(16)-C(17)  111.24(19) 
C(15)-C(16)-C(38)  106.28(19) 
C(37)-C(16)-C(38)  110.0(2) 
C(17)-C(16)-C(38)  106.64(19) 
N(18)-C(17)-C(16)  115.54(17) 
C(17)-N(18)-C(19)  107.40(16) 
C(17)-N(18)-Co(2)  118.19(13) 
C(19)-N(18)-Co(2)  111.49(12) 
N(18)-C(19)-C(20)  113.20(16) 
C(1)-C(20)-C(21)  119.28(19) 
C(1)-C(20)-C(19)  121.96(17) 
C(21)-C(20)-C(19)  118.67(19) 
C(22)-C(21)-C(20)  122.9(2) 
C(21)-C(22)-C(23)  116.15(19) 
C(21)-C(22)-C(24)  122.6(2) 
C(23)-C(22)-C(24)  121.2(2) 
C(2)-C(23)-C(22)  123.2(2) 
C(27)-C(24)-C(26)  113.0(3) 
C(25')-C(24)-C(22)  112.4(5) 
C(27)-C(24)-C(22)  111.2(2) 
C(26)-C(24)-C(22)  110.0(2) 
C(25')-C(24)-C(27') 120.9(6) 
C(22)-C(24)-C(27')  107.2(4) 
C(27)-C(24)-C(25)  107.5(3) 
C(26)-C(24)-C(25)  103.9(2) 
C(22)-C(24)-C(25)  111.0(2) 
C(25')-C(24)-C(26') 108.4(5) 
C(22)-C(24)-C(26')  107.7(4) 
C(27')-C(24)-C(26') 98.8(5) 
C(10)-C(30)-C(31)  123.61(19) 
C(32)-C(31)-C(30)  115.74(18) 
C(32)-C(31)-C(33)  123.64(19) 
C(30)-C(31)-C(33)  120.62(19) 
C(31)-C(32)-C(12)  122.77(19) 
C(35)-C(33)-C(36)  108.6(2) 
C(35)-C(33)-C(31)  110.21(19) 
C(36)-C(33)-C(31)  112.46(19) 
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C(35)-C(3
C(36)-C(3
C(31)-C(3
C(41)-O(4
O(40)-C(4
 
Full List 
Co(1)-N(4
Co(1)-N(8
Co(1)-O(1
Co(1)-O(1
Co(1)-Cl(
Co(1)-Cl(
Co(1)-Co(
Co(1)-K(1
Co(2)-O(1
Co(2)-O(1
Co(2)-N(1
Co(2)-N(1
Co(2)-Cl(
Co(2)-Cl(
Co(2)-K(1
Co(3)-N(4
Co(3)-O(4
Co(3)-N(4
Co(3)-O(5
Co(3)-Cl(
Co(3)-Cl(
Co(3)-Co(
Co(3)-K(1
Co(4)-O(4
Co(4)-O(5
Co(4)-N(5
Co(4)-N(5
Co(4)-Cl(
a g e  
3)-C(34) 109.2
3)-C(34) 107.8
3)-C(34) 108.4
0)-C(44) 104.6
1)-C(42) 108.4
of Bond Leng
) 2.113
) 2.113
1) 2.114
) 2.118
2) 2.390
1) 2.717
2) 2.935
) 3.913
1) 2.077
) 2.110
8) 2.122
4) 2.134
1) 2.579
3) 2.594
) 3.962
8) 2.105
1) 2.111
4) 2.119
1) 2.130
5) 2.384
4) 2.682
4) 2.932
) 3.925
1) 2.083
1) 2.105
8) 2.110
4) 2.120
3) 2.582
(2) 
(2) 
9(18) 
(2) 
(3) 
ths and Bond
(5) 
(5) 
(4) 
(4) 
3(18) 
9(18) 
8(14) 
3(19) 
(4) 
(4) 
(5) 
(5) 
9(18) 
8(18) 
0(19) 
(5) 
(4) 
(5) 
(4) 
8(18) 
8(18) 
5(14) 
8(19) 
(4) 
(4) 
(5) 
(5) 
8(18) 
 Angles for K
 
C(
C(
O(
 
 
[(L1Co2Cl2)2
Co
Co
Cl
Cl
Cl
O(
O(
C(
C(
C(
C(
C(
N(
C(
C(
C(
C(
C(
N(
C(
C(
C(
C(
C(
C(
C(
C(
N(
41)-C(42)-C(4
44)-C(43)-C(4
40)-C(44)-C(4
Cl] - 1 
(4)-Cl(4)
(4)-K(1)
(2)-K(1)
(3)-K(1)
(5)-K(1)
1)-C(1)
1)-K(1)
1)-C(2)
1)-C(20)
2)-C(23)
2)-C(3)
3)-N(4)
4)-C(5)
5)-C(6)
6)-C(7)
6)-C(28)
6)-C(29)
7)-N(8)
8)-C(9)
9)-C(10)
10)-C(11)
10)-C(30)
11)-O(11)
11)-C(12)
12)-C(32)
12)-C(13)
13)-N(14)
14)-C(15)
3) 103.6(2) 
2) 102.6(3) 
3) 104.5(2) 
 
2.5900(18) 
3.9623(19) 
3.100(2) 
3.097(2) 
3.089(2) 
1.364(7) 
2.918(5) 
1.397(9) 
1.402(9) 
1.400(9) 
1.497(9) 
1.486(8) 
1.483(8) 
1.519(9) 
1.518(9) 
1.526(9) 
1.540(9) 
1.487(8) 
1.487(8) 
1.501(8) 
1.400(8) 
1.405(8) 
1.362(7) 
1.406(8) 
1.407(8) 
1.495(9) 
1.497(8) 
1.472(8) 
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C(15)-C(16) 1.532(9) 
C(16)-C(17) 1.499(9) 
C(16)-C(37) 1.523(10) 
C(16)-C(38) 1.567(9) 
C(17)-N(18) 1.491(8) 
N(18)-C(19) 1.486(8) 
C(19)-C(20) 1.492(9) 
C(20)-C(21) 1.409(9) 
C(21)-C(22) 1.386(9) 
C(22)-C(23) 1.400(10) 
C(22)-C(24) 1.536(9) 
C(24)-C(25) 1.510(12) 
C(24)-C(26) 1.527(12) 
C(24)-C(27) 1.531(12) 
C(30)-C(31) 1.395(9) 
C(31)-C(32) 1.382(9) 
C(31)-C(33) 1.546(8) 
C(33)-C(36) 1.508(10) 
C(33)-C(35) 1.529(10) 
C(33)-C(34) 1.538(10) 
O(41)-C(41) 1.359(7) 
C(41)-C(42) 1.402(9) 
C(41)-C(60) 1.407(8) 
C(42)-C(63) 1.406(8) 
C(42)-C(43) 1.498(8) 
C(43)-N(44) 1.479(8) 
N(44)-C(45) 1.482(8) 
C(45)-C(46) 1.540(9) 
C(46)-C(68) 1.520(9) 
C(46)-C(47) 1.530(9) 
C(46)-C(69) 1.532(9) 
C(47)-N(48) 1.489(7) 
N(48)-C(49) 1.487(8) 
C(49)-C(50) 1.506(9) 
C(50)-C(70) 1.387(9) 
C(50)-C(51) 1.399(8) 
C(51)-O(51) 1.360(7) 
C(51)-C(52) 1.405(9) 
O(51)-K(1) 2.922(4) 
C(52)-C(72) 1.402(9) 
C(52)-C(53) 1.491(9) 
C(53)-N(54) 1.494(8) 
N(54)-C(55) 1.480(8) 
C(55)-C(56) 1.515(9) 
C(56)-C(57) 1.517(9) 
C(56)-C(77) 1.539(9) 
C(56)-C(78) 1.551(9) 
C(57)-N(58) 1.481(8) 
N(58)-C(59) 1.488(8) 
C(59)-C(60) 1.496(9) 
C(60)-C(61) 1.387(8) 
C(61)-C(62) 1.405(9) 
C(62)-C(63) 1.386(9) 
C(62)-C(64) 1.537(8) 
C(64)-C(67) 1.530(10) 
C(64)-C(66) 1.534(10) 
C(64)-C(65) 1.542(10) 
C(70)-C(71) 1.406(9) 
C(71)-C(72) 1.390(9) 
C(71)-C(73) 1.526(9) 
C(73)-C(76) 1.503(10) 
C(73)-C(75) 1.536(10) 
C(73)-C(74) 1.568(11) 
K(1)-Cl(8E) 2.890(19) 
K(1)-Cl(8A) 3.408(5) 
K(1)-Cl(8D) 3.479(18) 
 
N(4)-Co(1)-N(8) 92.48(19) 
N(4)-Co(1)-O(11) 169.06(18) 
N(8)-Co(1)-O(11) 90.48(17) 
N(4)-Co(1)-O(1) 91.28(18) 
N(8)-Co(1)-O(1) 168.78(18) 
O(11)-Co(1)-O(1) 83.95(16) 
N(4)-Co(1)-Cl(2) 93.30(14) 
N(8)-Co(1)-Cl(2) 94.53(14) 
O(11)-Co(1)-Cl(2) 96.96(12) 
O(1)-Co(1)-Cl(2) 95.81(13) 
N(4)-Co(1)-Cl(1) 91.84(14) 
N(8)-Co(1)-Cl(1) 91.23(14) 
O(11)-Co(1)-Cl(1) 77.57(12) 
O(1)-Co(1)-Cl(1) 78.09(12) 
Cl(2)-Co(1)-Cl(1) 172.11(7) 
N(4)-Co(1)-Co(2) 125.88(14) 
N(8)-Co(1)-Co(2) 124.43(14) 
O(11)-Co(1)-Co(2) 45.03(11) 
O(1)-Co(1)-Co(2) 45.91(11) 
Cl(2)-Co(1)-Co(2) 117.99(6) 
Cl(1)-Co(1)-Co(2) 54.13(4) 
N(4)-Co(1)-K(1) 108.77(14) 
N(8)-Co(1)-K(1) 140.32(14) 
O(11)-Co(1)-K(1) 75.00(11) 
O(1)-Co(1)-K(1) 47.11(12) 
Cl(2)-Co(1)-K(1) 52.39(5) 
Cl(1)-Co(1)-K(1) 120.12(5) 
Co(2)-Co(1)-K(1) 69.00(4) 
O(11)-Co(2)-O(1) 85.06(15) 
O(11)-Co(2)-N(18) 173.08(18) 
O(1)-Co(2)-N(18) 90.94(17) 
O(11)-Co(2)-N(14) 91.76(17) 
O(1)-Co(2)-N(14) 175.29(18) 
N(18)-Co(2)-N(14) 91.87(19) 
O(11)-Co(2)-Cl(1) 81.48(12) 
O(1)-Co(2)-Cl(1) 81.49(12) 
N(18)-Co(2)-Cl(1) 92.35(14) 
N(14)-Co(2)-Cl(1) 94.61(15) 
O(11)-Co(2)-Cl(3) 94.45(12) 
O(1)-Co(2)-Cl(3) 93.47(12) 
N(18)-Co(2)-Cl(3) 91.43(14) 
N(14)-Co(2)-Cl(3) 90.24(15) 
Cl(1)-Co(2)-Cl(3) 173.74(6) 
O(11)-Co(2)-Co(1) 46.06(11) 
O(1)-Co(2)-Co(1) 46.14(11) 
N(18)-Co(2)-Co(1) 127.69(14) 
N(14)-Co(2)-Co(1) 129.41(14) 
Cl(1)-Co(2)-Co(1) 58.62(4) 
Cl(3)-Co(2)-Co(1) 115.16(5) 
O(11)-Co(2)-K(1) 74.09(11) 
O(1)-Co(2)-K(1) 45.91(12) 
N(18)-Co(2)-K(1) 107.04(14) 
N(14)-Co(2)-K(1) 136.32(14) 
Cl(1)-Co(2)-K(1) 122.63(5) 
Cl(3)-Co(2)-K(1) 51.35(4) 
Co(1)-Co(2)-K(1) 67.23(4) 
N(48)-Co(3)-O(41) 168.66(18) 
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N(48)-Co(3)-N(44) 92.18(19) 
O(41)-Co(3)-N(44) 91.12(17) 
N(48)-Co(3)-O(51) 91.10(18) 
O(41)-Co(3)-O(51) 83.97(15) 
N(44)-Co(3)-O(51) 170.22(18) 
N(48)-Co(3)-Cl(5) 93.85(15) 
O(41)-Co(3)-Cl(5) 96.75(12) 
N(44)-Co(3)-Cl(5) 93.89(14) 
O(51)-Co(3)-Cl(5) 95.08(12) 
N(48)-Co(3)-Cl(4) 90.80(14) 
O(41)-Co(3)-Cl(4) 78.23(11) 
N(44)-Co(3)-Cl(4) 92.22(14) 
O(51)-Co(3)-Cl(4) 78.52(12) 
Cl(5)-Co(3)-Cl(4) 172.18(7) 
N(48)-Co(3)-Co(4) 125.31(14) 
O(41)-Co(3)-Co(4) 45.25(11) 
N(44)-Co(3)-Co(4) 125.72(14) 
O(51)-Co(3)-Co(4) 45.82(11) 
Cl(5)-Co(3)-Co(4) 117.53(6) 
Cl(4)-Co(3)-Co(4) 54.72(4) 
N(48)-Co(3)-K(1) 109.09(14) 
O(41)-Co(3)-K(1) 74.79(11) 
N(44)-Co(3)-K(1) 139.48(14) 
O(51)-Co(3)-K(1) 46.98(11) 
Cl(5)-Co(3)-K(1) 51.89(5) 
Cl(4)-Co(3)-K(1) 120.53(5) 
Co(4)-Co(3)-K(1) 68.84(4) 
O(41)-Co(4)-O(51) 85.29(15) 
O(41)-Co(4)-N(58) 91.15(17) 
O(51)-Co(4)-N(58) 174.12(19) 
O(41)-Co(4)-N(54) 173.01(18) 
O(51)-Co(4)-N(54) 90.97(18) 
N(58)-Co(4)-N(54) 92.08(19) 
O(41)-Co(4)-Cl(3) 94.69(12) 
O(51)-Co(4)-Cl(3) 93.37(12) 
N(58)-Co(4)-Cl(3) 91.58(15) 
N(54)-Co(4)-Cl(3) 91.41(15) 
O(41)-Co(4)-Cl(4) 80.92(12) 
O(51)-Co(4)-Cl(4) 81.15(12) 
N(58)-Co(4)-Cl(4) 93.69(15) 
N(54)-Co(4)-Cl(4) 92.69(15) 
Cl(3)-Co(4)-Cl(4) 173.20(6) 
O(41)-Co(4)-Co(3) 46.03(11) 
O(51)-Co(4)-Co(3) 46.54(12) 
N(58)-Co(4)-Co(3) 128.08(14) 
N(54)-Co(4)-Co(3) 127.79(14) 
Cl(3)-Co(4)-Co(3) 115.52(5) 
Cl(4)-Co(4)-Co(3) 57.73(4) 
O(41)-Co(4)-K(1) 74.11(11) 
O(51)-Co(4)-K(1) 45.97(12) 
N(58)-Co(4)-K(1) 137.21(15) 
N(54)-Co(4)-K(1) 107.37(14) 
Cl(3)-Co(4)-K(1) 51.36(4) 
Cl(4)-Co(4)-K(1) 122.08(5) 
Co(3)-Co(4)-K(1) 67.51(4) 
Co(2)-Cl(1)-Co(1) 67.25(5) 
Co(1)-Cl(2)-K(1) 89.96(6) 
Co(4)-Cl(3)-Co(2) 175.75(7) 
Co(4)-Cl(3)-K(1) 87.99(6) 
Co(2)-Cl(3)-K(1) 87.77(6) 
Co(4)-Cl(4)-Co(3) 67.55(5) 
Co(3)-Cl(5)-K(1) 90.71(6) 
C(1)-O(1)-Co(2) 122.8(4) 
C(1)-O(1)-Co(1) 121.7(4) 
Co(2)-O(1)-Co(1) 87.95(16) 
C(1)-O(1)-K(1) 115.6(3) 
Co(2)-O(1)-K(1) 102.80(16) 
Co(1)-O(1)-K(1) 100.77(15) 
O(1)-C(1)-C(2) 122.0(5) 
O(1)-C(1)-C(20) 120.3(5) 
C(2)-C(1)-C(20) 117.6(6) 
C(1)-C(2)-C(23) 120.4(6) 
C(1)-C(2)-C(3) 121.8(6) 
C(23)-C(2)-C(3) 117.7(6) 
N(4)-C(3)-C(2) 111.5(5) 
C(5)-N(4)-C(3) 109.6(5) 
C(5)-N(4)-Co(1) 118.4(4) 
C(3)-N(4)-Co(1) 108.5(4) 
N(4)-C(5)-C(6) 114.8(5) 
C(7)-C(6)-C(5) 110.9(5) 
C(7)-C(6)-C(28) 112.1(5) 
C(5)-C(6)-C(28) 111.6(5) 
C(7)-C(6)-C(29) 106.6(5) 
C(5)-C(6)-C(29) 106.8(5) 
C(28)-C(6)-C(29) 108.6(6) 
N(8)-C(7)-C(6) 115.6(5) 
C(7)-N(8)-C(9) 109.1(5) 
C(7)-N(8)-Co(1) 118.1(4) 
C(9)-N(8)-Co(1) 108.4(4) 
N(8)-C(9)-C(10) 110.9(5) 
C(11)-C(10)-C(30) 119.8(6) 
C(11)-C(10)-C(9) 122.0(5) 
C(30)-C(10)-C(9) 118.2(6) 
O(11)-C(11)-C(10) 121.1(5) 
O(11)-C(11)-C(12) 121.0(5) 
C(10)-C(11)-C(12) 117.9(5) 
C(11)-O(11)-Co(2) 122.9(3) 
C(11)-O(11)-Co(1) 123.6(3) 
Co(2)-O(11)-Co(1) 88.91(15) 
C(11)-C(12)-C(32) 120.1(6) 
C(11)-C(12)-C(13) 121.9(5) 
C(32)-C(12)-C(13) 118.0(5) 
C(12)-C(13)-N(14) 111.6(5) 
C(15)-N(14)-C(13) 110.0(5) 
C(15)-N(14)-Co(2) 118.7(4) 
C(13)-N(14)-Co(2) 108.4(4) 
N(14)-C(15)-C(16) 114.9(5) 
C(17)-C(16)-C(37) 113.3(6) 
C(17)-C(16)-C(15) 111.3(5) 
C(37)-C(16)-C(15) 111.9(6) 
C(17)-C(16)-C(38) 105.9(5) 
C(37)-C(16)-C(38) 108.9(6) 
C(15)-C(16)-C(38) 105.1(6) 
N(18)-C(17)-C(16) 115.1(5) 
C(19)-N(18)-C(17) 108.8(5) 
C(19)-N(18)-Co(2) 109.3(4) 
C(17)-N(18)-Co(2) 119.5(4) 
N(18)-C(19)-C(20) 112.0(5) 
C(1)-C(20)-C(21) 120.6(6) 
C(1)-C(20)-C(19) 122.1(5) 
C(21)-C(20)-C(19) 117.3(6) 
C(22)-C(21)-C(20) 122.6(6) 
C(21)-C(22)-C(23) 115.9(6) 
C(21)-C(22)-C(24) 122.8(6) 
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C(23)-C(22)-C(24) 121.3(6) 
C(22)-C(23)-C(2) 122.9(6) 
C(25)-C(24)-C(26) 109.9(8) 
C(25)-C(24)-C(27) 108.5(8) 
C(26)-C(24)-C(27) 108.2(8) 
C(25)-C(24)-C(22) 110.8(6) 
C(26)-C(24)-C(22) 108.5(6) 
C(27)-C(24)-C(22) 110.9(6) 
C(31)-C(30)-C(10) 123.3(6) 
C(32)-C(31)-C(30) 115.8(6) 
C(32)-C(31)-C(33) 121.9(6) 
C(30)-C(31)-C(33) 122.3(6) 
C(31)-C(32)-C(12) 123.0(6) 
C(36)-C(33)-C(35) 108.3(6) 
C(36)-C(33)-C(34) 109.3(7) 
C(35)-C(33)-C(34) 108.9(7) 
C(36)-C(33)-C(31) 112.7(6) 
C(35)-C(33)-C(31) 108.8(6) 
C(34)-C(33)-C(31) 108.8(5) 
C(41)-O(41)-Co(4) 123.5(3) 
C(41)-O(41)-Co(3) 123.2(4) 
Co(4)-O(41)-Co(3) 88.71(15) 
O(41)-C(41)-C(42) 121.2(5) 
O(41)-C(41)-C(60) 121.2(5) 
C(42)-C(41)-C(60) 117.6(5) 
C(41)-C(42)-C(63) 120.2(6) 
C(41)-C(42)-C(43) 122.1(5) 
C(63)-C(42)-C(43) 117.7(6) 
N(44)-C(43)-C(42) 111.7(5) 
C(43)-N(44)-C(45) 109.1(5) 
C(43)-N(44)-Co(3) 108.0(4) 
C(45)-N(44)-Co(3) 118.7(4) 
N(44)-C(45)-C(46) 115.2(5) 
C(68)-C(46)-C(47) 111.9(5) 
C(68)-C(46)-C(69) 109.2(5) 
C(47)-C(46)-C(69) 107.2(5) 
C(68)-C(46)-C(45) 111.2(5) 
C(47)-C(46)-C(45) 110.3(5) 
C(69)-C(46)-C(45) 106.7(5) 
N(48)-C(47)-C(46) 114.8(5) 
C(49)-N(48)-C(47) 107.5(5) 
C(49)-N(48)-Co(3) 108.8(4) 
C(47)-N(48)-Co(3) 118.1(4) 
N(48)-C(49)-C(50) 111.6(5) 
C(70)-C(50)-C(51) 120.2(6) 
C(70)-C(50)-C(49) 118.2(5) 
C(51)-C(50)-C(49) 121.6(5) 
O(51)-C(51)-C(50) 121.8(5) 
O(51)-C(51)-C(52) 120.7(5) 
C(50)-C(51)-C(52) 117.5(5) 
C(51)-O(51)-Co(4) 122.7(3) 
C(51)-O(51)-Co(3) 122.6(4) 
Co(4)-O(51)-Co(3) 87.64(15) 
C(51)-O(51)-K(1) 115.1(3) 
Co(4)-O(51)-K(1) 102.83(16) 
Co(3)-O(51)-K(1) 100.81(15) 
C(72)-C(52)-C(51) 120.4(6) 
C(72)-C(52)-C(53) 118.0(6) 
C(51)-C(52)-C(53) 121.5(5) 
C(52)-C(53)-N(54) 111.4(5) 
C(55)-N(54)-C(53) 109.1(5) 
C(55)-N(54)-Co(4) 119.7(4) 
C(53)-N(54)-Co(4)  108.5(4) 
N(54)-C(55)-C(56)  115.9(5) 
C(55)-C(56)-C(57)  111.3(5) 
C(55)-C(56)-C(77)  111.0(6) 
C(57)-C(56)-C(77)  111.8(6) 
C(55)-C(56)-C(78)  107.0(5) 
C(57)-C(56)-C(78)  106.8(5) 
C(77)-C(56)-C(78)  108.6(6) 
N(58)-C(57)-C(56)  115.5(5) 
C(57)-N(58)-C(59)  109.4(5) 
C(57)-N(58)-Co(4)  119.2(4) 
C(59)-N(58)-Co(4)  108.9(4) 
N(58)-C(59)-C(60)  112.1(5) 
C(61)-C(60)-C(41)  120.5(6) 
C(61)-C(60)-C(59)  118.8(5) 
C(41)-C(60)-C(59)  120.7(5) 
C(60)-C(61)-C(62)  123.0(6) 
C(63)-C(62)-C(61)  115.5(5) 
C(63)-C(62)-C(64)  123.5(6) 
C(61)-C(62)-C(64)  120.9(5) 
C(62)-C(63)-C(42)  123.1(6) 
C(67)-C(64)-C(66)  109.6(6) 
C(67)-C(64)-C(62)  110.2(5) 
C(66)-C(64)-C(62)  109.3(6) 
C(67)-C(64)-C(65)  107.9(6) 
C(66)-C(64)-C(65)  107.7(6) 
C(62)-C(64)-C(65)  112.1(6) 
C(50)-C(70)-C(71)  123.9(6) 
C(72)-C(71)-C(70)  114.7(6) 
C(72)-C(71)-C(73)  124.0(6) 
C(70)-C(71)-C(73)  121.3(6) 
C(71)-C(72)-C(52)  123.2(6) 
C(76)-C(73)-C(71)  110.7(6) 
C(76)-C(73)-C(75)  109.2(7) 
C(71)-C(73)-C(75)  112.0(6) 
C(76)-C(73)-C(74)  110.9(7) 
C(71)-C(73)-C(74)  109.0(6) 
C(75)-C(73)-C(74)  105.0(7) 
Cl(8E)-K(1)-O(1)  99.1(4) 
Cl(8E)-K(1)-O(51)  89.1(4) 
O(1)-K(1)-O(51)  129.15(12) 
Cl(8E)-K(1)-Cl(5)  92.7(4) 
O(1)-K(1)-Cl(5)  159.47(11) 
O(51)-K(1)-Cl(5)  67.34(9) 
Cl(8E)-K(1)-Cl(3)  134.8(4) 
O(1)-K(1)-Cl(3)  69.74(9) 
O(51)-K(1)-Cl(3)  69.33(9) 
Cl(5)-K(1)-Cl(3)  112.79(7) 
Cl(8E)-K(1)-Cl(2)  101.2(4) 
O(1)-K(1)-Cl(2)  67.57(9) 
O(51)-K(1)-Cl(2)  159.08(11) 
Cl(5)-K(1)-Cl(2)  93.78(6) 
Cl(3)-K(1)-Cl(2)  112.97(7) 
Cl(8E)-K(1)-Cl(8A) 33.0(4) 
O(1)-K(1)-Cl(8A)  73.05(11) 
O(51)-K(1)-Cl(8A)  90.26(13) 
Cl(5)-K(1)-Cl(8A)  123.16(9) 
Cl(3)-K(1)-Cl(8A)  105.50(10) 
Cl(2)-K(1)-Cl(8A)  108.31(11) 
Cl(8E)-K(1)-Cl(8D) 15.6(4) 
O(1)-K(1)-Cl(8D)  113.7(3) 
O(51)-K(1)-Cl(8D)  84.0(3) 
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Cl(5)-K(1
Cl(3)-K(1
Cl(2)-K(1
Cl(8A)-K(
Cl(8E)-K(
O(1)-K(1)
O(51)-K(1
Cl(5)-K(1
Cl(3)-K(1
Cl(2)-K(1
Cl(8A)-K(
Cl(8D)-K(
Cl(8E)-K(
O(1)-K(1)
O(51)-K(1
Cl(5)-K(1
Cl(3)-K(1
Cl(2)-K(1
Cl(8A)-K(
Cl(8D)-K(
Co(1)-K(1
 
Full List 
Co(1)-N(8
Co(1)-O(1
Co(1)-N(4
Co(1)-O(1
Co(1)-Cl(
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Co(1)-Co(
Co(1)-K(1
Co(2)-O(1
Co(2)-O(1
Co(2)-N(1
Co(2)-N(1
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a g e  
)-Cl(8D)  
)-Cl(8D)  
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1)-Cl(8D) 
1)-Co(1)  
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)-Co(1)  
)-Co(1)  
1)-Co(1)  
1)-Co(1)  
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)-Co(3)  
)-Co(3)  
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of Bond Leng
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1) 2.123
2) 2.413
1) 2.715
2) 2.949
) 3.622
1) 2.092
) 2.102
8) 2.110
4) 2.119
1) 2.555
77.1(3) 
143.2(3) 
101.0(3) 
48.0(3) 
111.3(4) 
32.12(8) 
152.04(10
127.49(6)
82.72(5) 
37.65(4) 
96.94(9) 
120.5(3) 
100.3(4) 
152.16(10
32.21(8) 
37.40(4) 
82.42(5) 
127.04(6)
115.78(10
88.3(3) 
146.64(5)
ths and Bond
(3) 
(3) 
(3) 
(2) 
2(10) 
5(10) 
0(7) 
7(5) 
(2) 
(2) 
(3) 
(3) 
4(10) 
) 
 
) 
 
) 
 
 Angles for K
 
Cl
O(
O(
Cl
Cl
Cl
Cl
Cl
Co
Co
Cl
O(
O(
Cl
Cl
Cl
Cl
Cl
Co
Co
Co
[(L1Co2Cl2)2
Co
Co
Cl
Cl
Cl
O(
O(
C(
C(
C(
C(
C(
N(
(8E)-K(1)-Co(
1)-K(1)-Co(2)
51)-K(1)-Co(2
(5)-K(1)-Co(2)
(3)-K(1)-Co(2)
(2)-K(1)-Co(2)
(8A)-K(1)-Co(
(8D)-K(1)-Co(
(1)-K(1)-Co(2
(3)-K(1)-Co(2
(8E)-K(1)-Co(
1)-K(1)-Co(4)
51)-K(1)-Co(4
(5)-K(1)-Co(4)
(3)-K(1)-Co(4)
(2)-K(1)-Co(4)
(8A)-K(1)-Co(
(8D)-K(1)-Co(
(1)-K(1)-Co(4
(3)-K(1)-Co(4
(2)-K(1)-Co(4
Cl] – 2 
(2)-Cl(3)
(2)-K(1)
(2)-K(1)
(3)-Co(2)#1
(3)-K(1)
1)-C(1)
1)-K(1)
1)-C(20)
1)-C(2)
2)-C(23)
2)-C(3)
3)-N(4)
4)-C(5)
2) 126.5(4) 
 31.29(8) 
) 108.81(9) 
 140.77(7) 
 40.88(4) 
 79.71(5) 
2) 95.28(8) 
2) 142.1(3) 
) 43.77(3) 
) 121.86(5) 
4) 118.0(4) 
 109.05(9) 
) 31.20(8) 
 79.43(5) 
 40.65(4) 
 140.34(7) 
4) 107.96(11) 
4) 115.0(3) 
) 121.89(5) 
) 43.65(3) 
) 81.52(4) 
2.6381(5) 
3.6751(11) 
2.9823(14) 
2.6381(5) 
2.9420(19) 
1.357(4) 
3.135(3) 
1.403(5) 
1.408(5) 
1.391(5) 
1.498(5) 
1.490(5) 
1.483(5) 
Appe
 
ndices 
 
Appendices 
 
 
 
268 | P a g e  
 
C(5)-C(6) 1.518(5) 
C(6)-C(7) 1.529(5) 
C(6)-C(28) 1.536(5) 
C(6)-C(29) 1.538(5) 
C(7)-N(8) 1.481(5) 
N(8)-C(9) 1.487(5) 
C(9)-C(10) 1.497(5) 
C(10)-C(30) 1.393(5) 
C(10)-C(11) 1.414(5) 
C(11)-O(11) 1.343(4) 
C(11)-C(12) 1.412(5) 
O(11)-K(1) 3.077(3) 
C(12)-C(32) 1.388(5) 
C(12)-C(13) 1.499(5) 
C(13)-N(14) 1.491(5) 
N(14)-C(15) 1.479(5) 
C(15)-C(16) 1.531(6) 
C(16)-C(17) 1.517(5) 
C(16)-C(38) 1.541(5) 
C(16)-C(37) 1.543(6) 
C(17)-N(18) 1.483(4) 
N(18)-C(19) 1.486(5) 
C(19)-C(20) 1.500(5) 
C(20)-C(21) 1.388(5) 
C(21)-C(22) 1.394(5) 
C(22)-C(23) 1.388(5) 
C(22)-C(24) 1.529(5) 
C(24)-C(26) 1.520(6) 
C(24)-C(27) 1.538(6) 
C(24)-C(25) 1.542(7) 
C(30)-C(31) 1.392(5) 
C(31)-C(32) 1.397(5) 
C(31)-C(33) 1.536(5) 
C(33)-C(35) 1.518(6) 
C(33)-C(36) 1.528(7) 
C(33)-C(34) 1.528(6) 
K(1)-Cl(2)#1 2.9823(14) 
K(1)-O(11)#1 3.077(3) 
K(1)-O(1)#1 3.135(3) 
K(1)-Cl(9) 3.534(3) 
K(1)-Cl(10)#1 3.589(7) 
K(1)-Cl(10) 3.589(7) 
K(1)-Co(1)#1 3.6227(5) 
 
N(8)-Co(1)-O(1) 169.46(11) 
N(8)-Co(1)-N(4) 92.64(12) 
O(1)-Co(1)-N(4) 92.08(11) 
N(8)-Co(1)-O(11) 91.21(11) 
O(1)-Co(1)-O(11) 82.49(9) 
N(4)-Co(1)-O(11) 168.91(11) 
N(8)-Co(1)-Cl(2) 91.07(9) 
O(1)-Co(1)-Cl(2) 98.20(7) 
N(4)-Co(1)-Cl(2) 91.65(8) 
O(11)-Co(1)-Cl(2) 98.68(7) 
N(8)-Co(1)-Cl(1) 91.81(9) 
O(1)-Co(1)-Cl(1) 78.63(7) 
N(4)-Co(1)-Cl(1) 91.79(8) 
O(11)-Co(1)-Cl(1) 77.69(7) 
Cl(2)-Co(1)-Cl(1) 175.41(4) 
N(8)-Co(1)-Co(2) 124.80(8) 
O(1)-Co(1)-Co(2) 45.44(7) 
N(4)-Co(1)-Co(2) 125.10(8) 
O(11)-Co(1)-Co(2)  45.19(7) 
Cl(2)-Co(1)-Co(2)  121.98(3) 
Cl(1)-Co(1)-Co(2)  53.44(2) 
N(8)-Co(1)-K(1)  123.66(9) 
O(1)-Co(1)-K(1)  59.55(7) 
N(4)-Co(1)-K(1)  126.99(9) 
O(11)-Co(1)-K(1)  57.96(7) 
Cl(2)-Co(1)-K(1)  54.90(3) 
Cl(1)-Co(1)-K(1)  120.51(3) 
Co(2)-Co(1)-K(1)  67.10(3) 
O(11)-Co(2)-O(1)  83.55(9) 
O(11)-Co(2)-N(18)  175.05(11) 
O(1)-Co(2)-N(18)  91.69(11) 
O(11)-Co(2)-N(14)  91.85(11) 
O(1)-Co(2)-N(14)  174.13(11) 
N(18)-Co(2)-N(14)  92.82(12) 
O(11)-Co(2)-Cl(1)  82.03(7) 
O(1)-Co(2)-Cl(1)  82.69(7) 
N(18)-Co(2)-Cl(1)  96.07(8) 
N(14)-Co(2)-Cl(1)  93.08(9) 
O(11)-Co(2)-Cl(3)  94.29(7) 
O(1)-Co(2)-Cl(3)  95.51(7) 
N(18)-Co(2)-Cl(3)  87.49(9) 
N(14)-Co(2)-Cl(3)  88.45(9) 
Cl(1)-Co(2)-Cl(3)  176.05(4) 
O(11)-Co(2)-Co(1)  46.04(7) 
O(1)-Co(2)-Co(1)  45.80(7) 
N(18)-Co(2)-Co(1)  129.15(8) 
N(14)-Co(2)-Co(1)  128.38(9) 
Cl(1)-Co(2)-Co(1)  58.60(2) 
Cl(3)-Co(2)-Co(1)  117.71(3) 
O(11)-Co(2)-K(1)  56.83(7) 
O(1)-Co(2)-K(1)  58.41(7) 
N(18)-Co(2)-K(1)  121.52(9) 
N(14)-Co(2)-K(1)  121.75(9) 
Cl(1)-Co(2)-K(1)  123.81(3) 
Cl(3)-Co(2)-K(1)  52.48(3) 
Co(1)-Co(2)-K(1)  65.24(2) 
Co(2)-Cl(1)-Co(1)  67.96(3) 
Co(1)-Cl(2)-K(1)  83.64(3) 
Co(2)-Cl(3)-Co(2)#1 163.60(6) 
Co(2)-Cl(3)-K(1)  82.19(3) 
Co(2)#1-Cl(3)-K(1) 82.19(3) 
C(1)-O(1)-Co(2)  121.5(2) 
C(1)-O(1)-Co(1)  122.6(2) 
Co(2)-O(1)-Co(1)  88.75(9) 
C(1)-O(1)-K(1)  137.9(2) 
Co(2)-O(1)-K(1)  86.77(9) 
Co(1)-O(1)-K(1)  84.90(8) 
O(1)-C(1)-C(20)  121.3(3) 
O(1)-C(1)-C(2)  121.6(3) 
C(20)-C(1)-C(2)  117.0(3) 
C(23)-C(2)-C(1)  120.1(3) 
C(23)-C(2)-C(3)  118.2(3) 
C(1)-C(2)-C(3)  121.7(3) 
N(4)-C(3)-C(2)  112.1(3) 
C(5)-N(4)-C(3)  109.3(3) 
C(5)-N(4)-Co(1)  118.0(2) 
C(3)-N(4)-Co(1)  107.2(2) 
N(4)-C(5)-C(6)  115.1(3) 
C(5)-C(6)-C(7)  111.6(3) 
C(5)-C(6)-C(28)  111.6(3) 
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C(7)-C(6)-C(28)  111.6(3) 
C(5)-C(6)-C(29)  106.6(3) 
C(7)-C(6)-C(29)  106.2(3) 
C(28)-C(6)-C(29)  109.0(3) 
N(8)-C(7)-C(6)  115.1(3) 
C(7)-N(8)-C(9)  108.5(3) 
C(7)-N(8)-Co(1)  118.1(2) 
C(9)-N(8)-Co(1)  107.9(2) 
N(8)-C(9)-C(10)  111.9(3) 
C(30)-C(10)-C(11)  120.7(3) 
C(30)-C(10)-C(9)  117.5(3) 
C(11)-C(10)-C(9)  121.8(3) 
O(11)-C(11)-C(12)  122.0(3) 
O(11)-C(11)-C(10)  121.6(3) 
C(12)-C(11)-C(10)  116.3(3) 
C(11)-O(11)-Co(2)  122.7(2) 
C(11)-O(11)-Co(1)  122.8(2) 
Co(2)-O(11)-Co(1)  88.77(9) 
C(11)-O(11)-K(1)  134.4(2) 
Co(2)-O(11)-K(1)  88.48(9) 
Co(1)-O(11)-K(1)  86.25(8) 
C(32)-C(12)-C(11)  121.2(3) 
C(32)-C(12)-C(13)  117.6(3) 
C(11)-C(12)-C(13)  121.1(3) 
N(14)-C(13)-C(12)  112.7(3) 
C(15)-N(14)-C(13)  108.2(3) 
C(15)-N(14)-Co(2)  120.2(2) 
C(13)-N(14)-Co(2)  108.8(2) 
N(14)-C(15)-C(16)  115.3(3) 
C(17)-C(16)-C(15)  111.4(3) 
C(17)-C(16)-C(38)  106.5(3) 
C(15)-C(16)-C(38)  106.2(3) 
C(17)-C(16)-C(37)  111.7(3) 
C(15)-C(16)-C(37)  110.9(4) 
C(38)-C(16)-C(37)  109.9(3) 
N(18)-C(17)-C(16)  114.9(3) 
C(17)-N(18)-C(19)  109.8(3) 
C(17)-N(18)-Co(2)  118.5(2) 
C(19)-N(18)-Co(2)  108.8(2) 
N(18)-C(19)-C(20)  111.7(3) 
C(21)-C(20)-C(1)  120.6(3) 
C(21)-C(20)-C(19)  118.6(3) 
C(1)-C(20)-C(19)  120.8(3) 
C(20)-C(21)-C(22)  123.5(4) 
C(23)-C(22)-C(21)  114.8(4) 
C(23)-C(22)-C(24)  123.8(3) 
C(21)-C(22)-C(24)  121.4(4) 
C(22)-C(23)-C(2)  123.9(3) 
C(26)-C(24)-C(22)  110.8(3) 
C(26)-C(24)-C(27)  107.1(4) 
C(22)-C(24)-C(27)  112.2(4) 
C(26)-C(24)-C(25)  109.1(4) 
C(22)-C(24)-C(25)  108.4(4) 
C(27)-C(24)-C(25)  109.2(4) 
C(10)-C(30)-C(31)  123.3(4) 
C(30)-C(31)-C(32)  115.5(3) 
C(30)-C(31)-C(33)  121.4(3) 
C(32)-C(31)-C(33)  123.0(3) 
C(12)-C(32)-C(31)  122.9(3) 
C(35)-C(33)-C(36)  108.6(4) 
C(35)-C(33)-C(34)  108.2(4) 
C(36)-C(33)-C(34)  108.3(5) 
C(35)-C(33)-C(31)  112.1(4) 
C(36)-C(33)-C(31)  109.5(4) 
C(34)-C(33)-C(31)  110.0(4) 
Cl(3)-K(1)-Cl(2)#1  134.43(3) 
Cl(3)-K(1)-Cl(2)  134.43(3) 
Cl(2)#1-K(1)-Cl(2)  91.13(5) 
Cl(3)-K(1)-O(11)  70.78(5) 
Cl(2)#1-K(1)-O(11) 143.50(9) 
Cl(2)-K(1)-O(11)  69.31(5) 
Cl(3)-K(1)-O(11)#1 70.78(5) 
Cl(2)#1-K(1)-O(11)#1 69.31(5) 
Cl(2)-K(1)-O(11)#1 143.50(9) 
O(11)-K(1)-O(11)#1 108.25(11) 
Cl(3)-K(1)-O(1)#1  70.88(5) 
Cl(2)#1-K(1)-O(1)#1 68.11(5) 
Cl(2)-K(1)-O(1)#1  147.17(8) 
O(11)-K(1)-O(1)#1  141.36(8) 
O(11)#1-K(1)-O(1)#1 53.45(6) 
Cl(3)-K(1)-O(1)  70.88(5) 
Cl(2)#1-K(1)-O(1)  147.17(8) 
Cl(2)-K(1)-O(1)  68.11(5) 
O(11)-K(1)-O(1)  53.45(6) 
O(11)#1-K(1)-O(1)  141.36(8) 
O(1)#1-K(1)-O(1)  116.30(11) 
Cl(3)-K(1)-Cl(9)  114.82(8) 
Cl(2)#1-K(1)-Cl(9)  73.50(5) 
Cl(2)-K(1)-Cl(9)  73.50(5) 
O(11)-K(1)-Cl(9)  125.33(6) 
O(11)#1-K(1)-Cl(9) 125.33(6) 
O(1)#1-K(1)-Cl(9)  76.23(6) 
O(1)-K(1)-Cl(9)  76.23(6) 
Cl(3)-K(1)-Cl(10)#1 109.46(13) 
Cl(2)#1-K(1)-Cl(10)#1 75.1(11) 
Cl(2)-K(1)-Cl(10)#1 76.8(11) 
O(11)-K(1)-Cl(10)#1 70.7(13) 
O(11)#1-K(1)-Cl(10)#1 68.7(13) 
O(1)#1-K(1)-Cl(10)#1 118.8(14) 
O(1)-K(1)-Cl(10)#1 121.1(14) 
Cl(9)-K(1)-Cl(10)#1 135.71(13) 
Cl(3)-K(1)-Cl(10)  109.46(13) 
Cl(2)#1-K(1)-Cl(10) 76.8(11) 
Cl(2)-K(1)-Cl(10)  75.1(11) 
O(11)-K(1)-Cl(10)  68.7(13) 
O(11)#1-K(1)-Cl(10) 70.7(13) 
O(1)#1-K(1)-Cl(10) 121.1(14) 
O(1)-K(1)-Cl(10)  118.8(14) 
Cl(9)-K(1)-Cl(10)  135.71(13) 
Cl(10)#1-K(1)-Cl(10) 2(3) 
Cl(3)-K(1)-Co(1)  92.99(2) 
Cl(2)#1-K(1)-Co(1) 132.49(5) 
Cl(2)-K(1)-Co(1)  41.455(19) 
O(11)-K(1)-Co(1)  35.79(4) 
O(11)#1-K(1)-Co(1) 143.70(8) 
O(1)#1-K(1)-Co(1)  151.83(8) 
O(1)-K(1)-Co(1)  35.55(5) 
Cl(9)-K(1)-Co(1)  90.87(3) 
Cl(10)#1-K(1)-Co(1) 88.0(15) 
Cl(10)-K(1)-Co(1)  85.6(15) 
Cl(3)-K(1)-Co(1)#1 92.99(2) 
Cl(2)#1-K(1)-Co(1)#1 41.455(19) 
Cl(2)-K(1)-Co(1)#1 132.49(5) 
O(11)-K(1)-Co(1)#1 143.70(8) 
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Co(2B)-O(1B)  2.116(4) 
Co(2B)-Cl(2B)  2.4431(19) 
O(1B)-C(1B)  1.350(7) 
C(1B)-C(2B)  1.402(9) 
C(1B)-C(20B)  1.404(9) 
C(2B)-C(23B)  1.399(8) 
C(2B)-C(3B)  1.500(9) 
C(3B)-N(4B)  1.486(8) 
N(4B)-C(5B)  1.473(8) 
C(5B)-C(6B)  1.524(10) 
C(6B)-C(7B)  1.527(9) 
C(6B)-C(28B)  1.532(9) 
C(6B)-C(29B)  1.540(9) 
C(7B)-N(8B)  1.473(8) 
N(8B)-C(9B)  1.495(7) 
C(9B)-C(10B)  1.504(9) 
C(10B)-C(30B)  1.396(9) 
C(10B)-C(11B)  1.403(9) 
C(11B)-O(11B)  1.343(7) 
C(11B)-C(12B)  1.423(8) 
C(12B)-C(32B)  1.381(9) 
C(12B)-C(13B)  1.504(9) 
C(13B)-N(14B)  1.488(8) 
N(14B)-C(15B)  1.485(8) 
C(15B)-C(16B)  1.522(10) 
C(16B)-C(37B)  1.501(12) 
C(16B)-C(17B)  1.528(11) 
C(16B)-C(38B)  1.573(11) 
C(17B)-N(18B)  1.477(9) 
N(18B)-C(19B)  1.500(9) 
C(19B)-C(20B)  1.498(9) 
C(20B)-C(21B)  1.400(9) 
C(21B)-C(22B)  1.370(11) 
C(22B)-C(23B)  1.417(10) 
C(22B)-C(24B)  1.528(9) 
C(24B)-C(25B)  1.517(11) 
C(24B)-C(27B)  1.517(10) 
C(24B)-C(26")  1.520(15) 
C(24B)-C(25")  1.542(14) 
C(24B)-C(27")  1.546(15) 
C(24B)-C(26B)  1.554(11) 
C(30B)-C(31B)  1.376(10) 
C(31B)-C(32B)  1.409(9) 
C(31B)-C(33B)  1.531(9) 
C(33B)-C(36")  1.498(13) 
C(33B)-C(35B)  1.499(10) 
C(33B)-C(34")  1.505(13) 
C(33B)-C(34B)  1.508(10) 
C(33B)-C(35")  1.577(13) 
C(33B)-C(36B)  1.587(10) 
 
O(1A)-Co(1A)-N(4A)  92.01(18) 
O(1A)-Co(1A)-O(11A)  84.64(16) 
N(4A)-Co(1A)-O(11A)  176.60(17) 
O(1A)-Co(1A)-N(8A)  174.29(18) 
N(4A)-Co(1A)-N(8A)  93.13(19) 
O(11A)-Co(1A)-N(8A)  90.18(17) 
O(1A)-Co(1A)-O(40A)  88.65(17) 
N(4A)-Co(1A)-O(40A)  89.82(19) 
O(11A)-Co(1A)-O(40A)  90.70(17) 
N(8A)-Co(1A)-O(40A)  93.84(18) 
O(1A)-Co(1A)-Cl(1A)  82.12(12) 
N(4A)-Co(1A)-Cl(1A)  97.34(14) 
O(11A)-Co(1A)-Cl(1A)  81.62(11) 
N(8A)-Co(1A)-Cl(1A)  94.76(13) 
O(40A)-Co(1A)-Cl(1A)  168.48(13) 
O(1A)-Co(1A)-Co(2A)  44.23(12) 
N(4A)-Co(1A)-Co(2A)  130.25(14) 
O(11A)-Co(1A)-Co(2A)  46.45(10) 
N(8A)-Co(1A)-Co(2A)  130.06(14) 
O(40A)-Co(1A)-Co(2A)  107.60(12) 
Cl(1A)-Co(1A)-Co(2A)  60.91(4) 
O(1A)-Co(2A)-N(18A)  90.60(19) 
O(1A)-Co(2A)-N(14A)  165.54(18) 
N(18A)-Co(2A)-N(14A)  92.9(2) 
O(1A)-Co(2A)-O(11A)  84.50(16) 
N(18A)-Co(2A)-O(11A ) 167.77(19) 
N(14A)-Co(2A)-O(11A)  89.22(17) 
O(1A)-Co(2A)-Cl(2A)  100.12(12) 
N(18A)-Co(2A)-Cl(2A)  94.74(16) 
N(14A)-Co(2A)-Cl(2A)  93.57(14) 
O(11A)-Co(2A)-Cl(2A)  97.15(11) 
O(1A)-Co(2A)-Co(1A)  45.01(11) 
N(18A)-Co(2A)-Co(1A)  124.80(16) 
N(14A)-Co(2A)-Co(1A)  123.14(13) 
O(11A)-Co(2A)-Co(1A)  45.52(11) 
Cl(2A)-Co(2A)-Co(1A)  119.74(5) 
C(1A)-O(1A)-Co(2A)  126.0(4) 
C(1A)-O(1A)-Co(1A)  122.6(4) 
Co(2A)-O(1A)-Co(1A)  90.76(17) 
O(1A)-C(1A)-C(2A)  121.5(5) 
O(1A)-C(1A)-C(20A)  121.2(6) 
C(2A)-C(1A)-C(20A)  117.2(6) 
C(1A)-C(2A)-C(23A)  120.3(6) 
C(1A)-C(2A)-C(3A)  121.5(6) 
C(23A)-C(2A)-C(3A)  118.2(6) 
N(4A)-C(3A)-C(2A)  111.9(5) 
C(3A)-N(4A)-C(5A)  108.5(5) 
C(3A)-N(4A)-Co(1A)  109.5(4) 
C(5A)-N(4A)-Co(1A)  118.4(4) 
N(4A)-C(5A)-C(6A)  115.0(5) 
C(7A)-C(6A)-C(5A)  111.4(5) 
C(7A)-C(6A)-C(28A)  112.3(6) 
C(5A)-C(6A)-C(28A)  111.5(5) 
C(7A)-C(6A)-C(29A)  105.7(5) 
C(5A)-C(6A)-C(29A)  106.2(5) 
C(28A)-C(6A)-C(29A)  109.4(5) 
N(8A)-C(7A)-C(6A)  115.8(5) 
C(9A)-N(8A)-C(7A)  108.7(4) 
C(9A)-N(8A)-Co(1A)  110.0(3) 
C(7A)-N(8A)-Co(1A)  120.7(4) 
N(8A)-C(9A)-C(10A)  111.9(5) 
C(11A)-C(10A)-C(30A)  119.4(5) 
C(11A)-C(10A)-C(9A)  121.9(5) 
C(30A)-C(10A)-C(9A)  118.7(5) 
O(11A)-C(11A)-C(10A)  119.7(5) 
O(11A)-C(11A)-C(12A)  121.8(5) 
C(10A)-C(11A)-C(12A)  118.4(5) 
C(11A)-O(11A)-Co(1A)  123.7(3) 
C(11A)-O(11A)-Co(2A)  124.8(3) 
Co(1A)-O(11A)-Co(2A)  88.03(16) 
C(32A)-C(12A)-C(11A)  120.6(5) 
C(32A)-C(12A)-C(13A)  118.8(5) 
C(11A)-C(12A)-C(13A)  120.6(6) 
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N(14A)-C(13A)-C(12A)  112.5(5) 
C(15A)-N(14A)-C(13A)  108.3(5) 
C(15A)-N(14A)-Co(2A)  115.9(4) 
C(13A)-N(14A)-Co(2A)  108.5(4) 
N(14A)-C(15A)-C(16A)  115.2(5) 
C(15A)-C(16A)-C(17A)  111.3(6) 
C(15A)-C(16A)-C(37A)  112.2(6) 
C(17A)-C(16A)-C(37A)  111.7(6) 
C(15A)-C(16A)-C(38A)  105.5(6) 
C(17A)-C(16A)-C(38A)  106.0(6) 
C(37A)-C(16A)-C(38A)  109.8(6) 
N(18A)-C(17A)-C(16A)  114.9(5) 
C(17A)-N(18A)-C(19A)  109.7(5) 
C(17A)-N(18A)-Co(2A)  117.9(4) 
C(19A)-N(18A)-Co(2A)  107.8(4) 
N(18A)-C(19A)-C(20A)  112.0(5) 
C(21A)-C(20A)-C(1A)  120.7(6) 
C(21A)-C(20A)-C(19A)  118.4(6) 
C(1A)-C(20A)-C(19A)  120.9(6) 
C(20A)-C(21A)-C(22A)  122.8(6) 
C(23A)-C(22A)-C(21A)  116.5(7) 
C(23A)-C(22A)-C(24A)  122.3(6) 
C(21A)-C(22A)-C(24A)  121.3(6) 
C(22A)-C(23A)-C(2A)  122.5(6) 
C(25A)-C(24A)-C(27A)  110.2(8) 
C(25A)-C(24A)-C(26')  135(3) 
C(27A)-C(24A)-C(26')  56(3) 
C(25A)-C(24A)-C(25')  49(3) 
C(27A)-C(24A)-C(25')  138(3) 
C(26')-C(24A)-C(25')  108.5(15) 
C(25A)-C(24A)-C(22A)  113.0(7) 
C(27A)-C(24A)-C(22A)  109.3(7) 
C(26')-C(24A)-C(22A)  112(3) 
C(25')-C(24A)-C(22A)  112(3) 
C(25A)-C(24A)-C(27')  60(3) 
C(27A)-C(24A)-C(27')  55(3) 
C(26')-C(24A)-C(27')  107.7(15) 
C(25')-C(24A)-C(27')  107.1(14) 
C(22A)-C(24A)-C(27')  109(3) 
C(25A)-C(24A)-C(26A)  109.1(7) 
C(27A)-C(24A)-C(26A)  107.2(7) 
C(26')-C(24A)-C(26A)  52(3) 
C(25')-C(24A)-C(26A)  63(3) 
C(22A)-C(24A)-C(26A)  107.7(7) 
C(27')-C(24A)-C(26A)  143(3) 
C(31A)-C(30A)-C(10A)  123.3(5) 
C(30A)-C(31A)-C(32A)  116.2(6) 
C(30A)-C(31A)-C(33A)  123.2(5) 
C(32A)-C(31A)-C(33A)  120.7(5) 
C(12A)-C(32A)-C(31A)  122.1(5) 
C(36A)-C(33A)-C(35')  129.2(11) 
C(36A)-C(33A)-C(34A)  112.2(8) 
C(35')-C(33A)-C(34A)  41.1(8) 
C(36A)-C(33A)-C(31A)  112.9(7) 
C(35')-C(33A)-C(31A)  117.0(9) 
C(34A)-C(33A)-C(31A)  109.9(7) 
C(36A)-C(33A)-C(36')  53.7(9) 
C(35')-C(33A)-C(36')  111.2(10) 
C(34A)-C(33A)-C(36')  137.0(11) 
C(31A)-C(33A)-C(36')  112.8(10) 
C(36A)-C(33A)-C(35A)  107.6(7) 
C(35')-C(33A)-C(35A)  65.2(9) 
C(34A)-C(33A)-C(35A)  106.0(7) 
C(31A)-C(33A)-C(35A)  107.8(7) 
C(36')-C(33A)-C(35A)  56.2(9) 
C(36A)-C(33A)-C(34')  51.2(9) 
C(35')-C(33A)-C(34')  105.0(9) 
C(34A)-C(33A)-C(34')  68.3(9) 
C(31A)-C(33A)-C(34')  105.9(10) 
C(36')-C(33A)-C(34')  103.6(9) 
C(35A)-C(33A)-C(34')  145.6(11) 
O(40B)-Co(1B)-O(1B)  91.45(19) 
O(40B)-Co(1B)-N(8B)  90.3(2) 
O(1B)-Co(1B)-N(8B)  174.72(17) 
O(40B)-Co(1B)-O(11B)  93.73(16) 
O(1B)-Co(1B)-O(11B)  83.32(15) 
N(8B)-Co(1B)-O(11B)  91.59(17) 
O(40B)-Co(1B)-N(4B)  88.28(18) 
O(1B)-Co(1B)-N(4B)  92.15(18) 
N(8B)-Co(1B)-N(4B)  92.88(19) 
O(11B)-Co(1B)-N(4B)  175.09(18) 
O(40B)-Co(1B)-Cl(1B)  172.93(16) 
O(1B)-Co(1B)-Cl(1B)  82.39(12) 
N(8B)-Co(1B)-Cl(1B)  95.54(14) 
O(11B)-Co(1B)-Cl(1B)  82.15(11) 
N(4B)-Co(1B)-Cl(1B)  95.39(14) 
O(40B)-Co(1B)-Co(2B)  113.30(14) 
O(1B)-Co(1B)-Co(2B)  45.93(11) 
N(8B)-Co(1B)-Co(2B)  128.91(14) 
O(11B)-Co(1B)-Co(2B)  44.77(11) 
N(4B)-Co(1B)-Co(2B)  130.35(14) 
Cl(1B)-Co(1B)-Co(2B)  59.81(4) 
O(11B)-Co(2B)-N(18B)  169.21(18) 
O(11B)-Co(2B)-N(14B)  91.30(18) 
N(18B)-Co(2B)-N(14B)  92.8(2) 
O(11B)-Co(2B)-O(1B)  84.24(15) 
N(18B)-Co(2B)-O(1B)  89.91(18) 
N(14B)-Co(2B)-O(1B)  168.8(2) 
O(11B)-Co(2B)-Cl(2B)  98.75(12) 
N(18B)-Co(2B)-Cl(2B)  91.16(15) 
N(14B)-Co(2B)-Cl(2B)  91.10(16) 
O(1B)-Co(2B)-Cl(2B)  99.69(12) 
O(11B)-Co(2B)-Co(1B)  46.28(11) 
N(18B)-Co(2B)-Co(1B)  124.09(14) 
N(14B)-Co(2B)-Co(1B)  125.40(15) 
O(1B)-Co(2B)-Co(1B)  45.46(11) 
Cl(2B)-Co(2B)-Co(1B)  122.64(5) 
C(1B)-O(1B)-Co(1B)  122.1(4) 
C(1B)-O(1B)-Co(2B)  125.2(4) 
Co(1B)-O(1B)-Co(2B)  88.61(16) 
O(1B)-C(1B)-C(2B)  121.7(6) 
O(1B)-C(1B)-C(20B)  120.5(5) 
C(2B)-C(1B)-C(20B)  117.8(5) 
C(23B)-C(2B)-C(1B)  120.1(6) 
C(23B)-C(2B)-C(3B)  117.2(5) 
C(1B)-C(2B)-C(3B)  122.6(5) 
N(4B)-C(3B)-C(2B)  111.9(5) 
C(5B)-N(4B)-C(3B)  108.9(5) 
C(5B)-N(4B)-Co(1B)  118.9(4) 
C(3B)-N(4B)-Co(1B)  108.9(4) 
N(4B)-C(5B)-C(6B)  115.1(5) 
C(5B)-C(6B)-C(7B)  111.2(5) 
C(5B)-C(6B)-C(28B)  111.7(5) 
C(7B)-C(6B)-C(28B)  111.4(6) 
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C(5B)-C(6B)-C(29B)  107.5(6) 
C(7B)-C(6B)-C(29B)  106.5(5) 
C(28B)-C(6B)-C(29B)  108.3(6) 
N(8B)-C(7B)-C(6B)  115.5(5) 
C(7B)-N(8B)-C(9B)  108.8(4) 
C(7B)-N(8B)-Co(1B)  118.9(4) 
C(9B)-N(8B)-Co(1B)  108.5(4) 
N(8B)-C(9B)-C(10B)  111.2(5) 
C(30B)-C(10B)-C(11B)  120.4(6) 
C(30B)-C(10B)-C(9B)  118.5(6) 
C(11B)-C(10B)-C(9B)  121.1(5) 
O(11B)-C(11B)-C(10B)  121.9(5) 
O(11B)-C(11B)-C(12B)  121.3(5) 
C(10B)-C(11B)-C(12B)  116.8(5) 
C(11B)-O(11B)-Co(2B)  124.4(3) 
C(11B)-O(11B)-Co(1B)  121.4(3) 
Co(2B)-O(11B)-Co(1B)  88.95(15) 
C(32B)-C(12B)-C(11B)  120.1(6) 
C(32B)-C(12B)-C(13B)  118.9(5) 
C(11B)-C(12B)-C(13B)  121.0(5) 
N(14B)-C(13B)-C(12B)  111.8(5) 
C(15B)-N(14B)-C(13B)  108.8(5) 
C(15B)-N(14B)-Co(2B)  118.5(4) 
C(13B)-N(14B)-Co(2B)  108.1(4) 
N(14B)-C(15B)-C(16B)  114.2(5) 
C(37B)-C(16B)-C(15B)  113.4(7) 
C(37B)-C(16B)-C(17B)  112.2(7) 
C(15B)-C(16B)-C(17B)  111.2(6) 
C(37B)-C(16B)-C(38B)  109.3(6) 
C(15B)-C(16B)-C(38B)  105.5(6) 
C(17B)-C(16B)-C(38B)  104.5(6) 
N(18B)-C(17B)-C(16B)  114.3(6) 
C(17B)-N(18B)-C(19B)  109.0(5) 
C(17B)-N(18B)-Co(2B)  117.3(4) 
C(19B)-N(18B)-Co(2B)  108.0(4) 
C(20B)-C(19B)-N(18B)  111.7(5) 
C(21B)-C(20B)-C(1B)  119.9(6) 
C(21B)-C(20B)-C(19B)  118.7(6) 
C(1B)-C(20B)-C(19B)  121.4(5) 
C(22B)-C(21B)-C(20B)  124.3(7) 
C(21B)-C(22B)-C(23B)  114.8(6) 
C(21B)-C(22B)-C(24B)  123.4(7) 
C(23B)-C(22B)-C(24B)  121.7(6) 
C(2B)-C(23B)-C(22B)  123.0(6) 
C(25B)-C(24B)-C(27B)  110.5(7) 
C(25B)-C(24B)-C(26")  79.7(17) 
C(27B)-C(24B)-C(26")  122.4(19) 
C(25B)-C(24B)-C(22B)  113.6(7) 
C(27B)-C(24B)-C(22B)  110.3(7) 
C(26")-C(24B)-C(22B)  117(2) 
C(25B)-C(24B)-C(25")  31.5(16) 
C(27B)-C(24B)-C(25")  84.8(16) 
C(26")-C(24B)-C(25")  108.9(13) 
C(22B)-C(24B)-C(25")  108.7(18) 
C(25B)-C(24B)-C(27")  128.0(18) 
C(27B)-C(24B)-C(27")  22.3(15) 
C(26")-C(24B)-C(27")  108.1(13) 
C(22B)-C(24B)-C(27")  108(2) 
C(25")-C(24B)-C(27")  106.2(12) 
C(25B)-C(24B)-C(26B)  107.6(7) 
C(27B)-C(24B)-C(26B)  107.8(8) 
C(26")-C(24B)-C(26B)  28.1(16) 
C(22B)-C(24B)-C(26B)  106.8(7) 
C(25")-C(24B)-C(26B)  135.0(18) 
C(27")-C(24B)-C(26B)  88.0(16) 
C(31B)-C(30B)-C(10B)  124.2(6) 
C(30B)-C(31B)-C(32B)  114.6(6) 
C(30B)-C(31B)-C(33B)  123.3(6) 
C(32B)-C(31B)-C(33B)  122.0(6) 
C(12B)-C(32B)-C(31B)  123.8(6) 
C(36")-C(33B)-C(35B)  48.3(10) 
C(36")-C(33B)-C(34")  112.6(11) 
C(35B)-C(33B)-C(34")  137.2(14) 
C(36")-C(33B)-C(34B)  138.6(13) 
C(35B)-C(33B)-C(34B)  112.8(8) 
C(34")-C(33B)-C(34B)  51.6(11) 
C(36")-C(33B)-C(31B)  110.9(12) 
C(35B)-C(33B)-C(31B)  111.3(7) 
C(34")-C(33B)-C(31B)  111.5(13) 
C(34B)-C(33B)-C(31B)  110.4(6) 
C(36")-C(33B)-C(35")  106.6(10) 
C(35B)-C(33B)-C(35")  60.5(10) 
C(34")-C(33B)-C(35")  106.6(10) 
C(34B)-C(33B)-C(35")  57.6(10) 
C(31B)-C(33B)-C(35")  108.4(12) 
C(36")-C(33B)-C(36B)  59.6(10) 
C(35B)-C(33B)-C(36B)  105.0(7) 
C(34")-C(33B)-C(36B)  57.6(11) 
C(34B)-C(33B)-C(36B)  106.5(7) 
C(31B)-C(33B)-C(36B)  110.5(7) 
C(35")-C(33B)-C(36B)  141.1(13) 
  
Full List of Bond Lengths and Bond Angles for  [L1Co2Cl3][HNEt3] 
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Co(1)-O(1
Co(1)-O(1
Co(1)-N(8
Co(1)-N(4
Co(1)-Cl(
Co(1)-Cl(
Co(1)-Co(
Co(2)-O(1
Co(2)-O(1
Co(2)-N(1
Co(2)-N(1
Co(2)-Cl(
Co(2)-Cl(
O(1)-C(1)
C(1)-C(20
C(1)-C(2)
C(2)-C(23
C(2)-C(3)
C(3)-N(4)
N(4)-C(5)
C(5)-C(6)
C(6)-C(28
C(6)-C(7)
C(6)-C(29
C(7)-N(8)
N(8)-C(9)
C(9)-C(10
C(10)-C(3
C(10)-C(1
C(11)-O(1
C(11)-C(1
C(12)-C(3
C(12)-C(1
C(13)-N(1
N(14)-C(1
C(15)-C(1
C(16)-C(3
C(16)-C(1
C(16)-C(3
C(17)-N(1
a g e  
) 2.100
1) 2.104
) 2.122
) 2.127
2) 2.470
1) 2.607
2) 2.951
) 2.099
1) 2.112
8) 2.125
4) 2.126
3) 2.405
1) 2.759
 1.342
) 1.411
1 .4132
) 1.386
1 .4986
 1.486
 1.480
1 .5264
) 1.529
1 .5297
) 1.534
 1.479
 1.488
) 1.497
0) 1.392
1) 1.416
1) 1.344
2) 1.412
2) 1.391
3) 1.499
4) 1.480
5) 1.473
6) 1.526
7) 1.527
7) 1.527
8) 1.534
8) 1.473
5(9) 
3(9) 
7(11) 
3(11) 
5(4) 
0(4) 
6(2) 
2(9) 
8(9) 
8(12) 
6(11) 
9(4) 
5(4) 
0(15) 
1(18) 
(18) 
6(19) 
(19) 
0(16) 
3(16) 
(19) 
(2) 
(19) 
9(19) 
9(17) 
4(17) 
2(19) 
3(19) 
4(18) 
0(16) 
1(18) 
9(19) 
6(18) 
4(17) 
9(16) 
8(19) 
2(18) 
7(18) 
5(18) 
5(16) 
 
N(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
N(
N(
N(
C(
C(
C(
C(
C(
C(
C(
 
O(
O(
O(
O(
O(
N(
O(
O(
N(
N(
O(
O(
N(
N(
18)-C(19)
19)-C(20)
20)-C(21)
21)-C(22)
22)-C(23)
22)-C(24)
24)-C(26)
24)-C(27)
24)-C(25)
30)-C(31)
31)-C(32)
31)-C(33)
33)-C(34)
33)-C(35)
33)-C(36)
40)-C(45)
40)-C(41)
40)-C(43)
41)-C(42)
43)-C(44)
45)-C(46)
50)-Cl(51)
50)-Cl(52)
60)-Cl(62)
60)-Cl(61)
1)-Co(1)-O(11
1)-Co(1)-N(8)
11)-Co(1)-N(8
1)-Co(1)-N(4)
11)-Co(1)-N(4
8)-Co(1)-N(4)
1)-Co(1)-Cl(2)
11)-Co(1)-Cl(2
8)-Co(1)-Cl(2)
4)-Co(1)-Cl(2)
1)-Co(1)-Cl(1)
11)-Co(1)-Cl(
8)-Co(1)-Cl(1)
4)-Co(1)-Cl(1)
1.4843(17) 
1.4994(18) 
1.3956(19) 
1.3893(19) 
1.396(2) 
1.530(2) 
1.508(3) 
1.521(2) 
1.551(3) 
1.390(2) 
1.387(2) 
1.534(2) 
1.521(3) 
1.523(2) 
1.525(2) 
1.497(2) 
1.501(2) 
1.503(2) 
1.508(3) 
1.501(2) 
1.497(3) 
1.7651(16) 
1.7710(16) 
1.7671(18) 
1.7700(17) 
) 84.90(4) 
 172.07(4) 
) 91.35(4) 
 91.18(4) 
) 172.43(4) 
 91.74(4) 
 97.01(3) 
) 96.56(3) 
 90.35(3) 
 90.33(3) 
 80.55(3) 
1) 80.91(3) 
 91.97(3) 
 92.07(3) 
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Cl(2)-Co(1)-Cl(1) 176.607(13) 
O(1)-Co(1)-Co(2) 45.33(2) 
O(11)-Co(1)-Co(2) 45.70(3) 
N(8)-Co(1)-Co(2) 128.08(3) 
N(4)-Co(1)-Co(2) 127.83(3) 
Cl(2)-Co(1)-Co(2) 117.468(11) 
Cl(1)-Co(1)-Co(2) 59.141(8) 
O(1)-Co(2)-O(11) 84.72(4) 
O(1)-Co(2)-N(18) 90.08(4) 
O(11)-Co(2)-N(18) 166.88(4) 
O(1)-Co(2)-N(14) 166.40(4) 
O(11)-Co(2)-N(14) 90.17(4) 
N(18)-Co(2)-N(14) 92.17(4) 
O(1)-Co(2)-Cl(3) 101.82(3) 
O(11)-Co(2)-Cl(3) 102.17(3) 
N(18)-Co(2)-Cl(3) 90.67(3) 
N(14)-Co(2)-Cl(3) 91.57(3) 
O(1)-Co(2)-Cl(1) 76.98(3) 
O(11)-Co(2)-Cl(1) 77.18(3) 
N(18)-Co(2)-Cl(1) 89.92(3) 
N(14)-Co(2)-Cl(1) 89.61(3) 
Cl(3)-Co(2)-Cl(1) 178.660(14) 
O(1)-Co(2)-Co(1) 45.36(2) 
O(11)-Co(2)-Co(1) 45.46(2) 
N(18)-Co(2)-Co(1) 124.12(3) 
N(14)-Co(2)-Co(1) 124.00(3) 
Cl(3)-Co(2)-Co(1) 124.529(11) 
Cl(1)-Co(2)-Co(1) 54.193(8) 
Co(1)-Cl(1)-Co(2) 66.666(9) 
C(1)-O(1)-Co(2) 124.52(8) 
C(1)-O(1)-Co(1) 123.48(8) 
Co(2)-O(1)-Co(1) 89.31(3) 
O(1)-C(1)-C(20) 121.71(11) 
O(1)-C(1)-C(2) 121.59(12) 
C(20)-C(1)-C(2) 116.66(12) 
C(23)-C(2)-C(1) 120.68(12) 
C(23)-C(2)-C(3) 118.26(12) 
C(1)-C(2)-C(3) 121.04(12) 
N(4)-C(3)-C(2) 112.29(11) 
C(5)-N(4)-C(3) 108.44(10) 
C(5)-N(4)-Co(1) 119.05(8) 
C(3)-N(4)-Co(1) 107.99(8) 
N(4)-C(5)-C(6) 115.13(11) 
C(5)-C(6)-C(28) 111.24(12) 
C(5)-C(6)-C(7) 111.23(11) 
C(28)-C(6)-C(7) 112.03(11) 
C(5)-C(6)-C(29) 106.40(11) 
C(28)-C(6)-C(29) 109.17(12) 
C(7)-C(6)-C(29) 106.49(12) 
N(8)-C(7)-C(6) 115.23(11) 
C(7)-N(8)-C(9) 108.37(10) 
C(7)-N(8)-Co(1) 119.21(8) 
C(9)-N(8)-Co(1) 108.59(8) 
N(8)-C(9)-C(10) 112.49(11) 
C(30)-C(10)-C(11) 120.62(12) 
C(30)-C(10)-C(9) 118.35(12) 
C(11)-C(10)-C(9) 121.03(12) 
O(11)-C(11)-C(12) 121.71(12) 
O(11)-C(11)-C(10)  121.86(12) 
C(12)-C(11)-C(10)  116.42(12) 
C(11)-O(11)-Co(1)  123.01(8) 
C(11)-O(11)-Co(2)  124.20(8) 
Co(1)-O(11)-Co(2)  88.84(4) 
C(32)-C(12)-C(11)  120.68(12) 
C(32)-C(12)-C(13)  118.64(12) 
C(11)-C(12)-C(13)  120.67(12) 
N(14)-C(13)-C(12)  111.72(11) 
C(15)-N(14)-C(13)  109.24(10) 
C(15)-N(14)-Co(2)  117.87(8) 
C(13)-N(14)-Co(2)  107.41(8) 
N(14)-C(15)-C(16)  115.20(10) 
C(15)-C(16)-C(37)  111.50(11) 
C(15)-C(16)-C(17)  111.56(11) 
C(37)-C(16)-C(17)  111.58(11) 
C(15)-C(16)-C(38)  106.70(11) 
C(37)-C(16)-C(38)  108.97(11) 
C(17)-C(16)-C(38)  106.24(11) 
N(18)-C(17)-C(16)  115.20(10) 
C(17)-N(18)-C(19)  108.91(10) 
C(17)-N(18)-Co(2)  118.03(8) 
C(19)-N(18)-Co(2)  107.54(8) 
N(18)-C(19)-C(20)  111.52(10) 
C(21)-C(20)-C(1)  120.72(12) 
C(21)-C(20)-C(19)  118.32(12) 
C(1)-C(20)-C(19)  120.97(12) 
C(22)-C(21)-C(20)  123.04(13) 
C(21)-C(22)-C(23)  115.60(13) 
C(21)-C(22)-C(24)  123.21(13) 
C(23)-C(22)-C(24)  121.19(12) 
C(2)-C(23)-C(22)  123.28(12) 
C(26)-C(24)-C(27)  109.01(17) 
C(26)-C(24)-C(22)  112.68(14) 
C(27)-C(24)-C(22)  110.59(13) 
C(26)-C(24)-C(25)  109.50(17) 
C(27)-C(24)-C(25)  107.06(16) 
C(22)-C(24)-C(25)  107.84(15) 
C(31)-C(30)-C(10)  123.25(13) 
C(32)-C(31)-C(30)  115.56(13) 
C(32)-C(31)-C(33)  123.33(13) 
C(30)-C(31)-C(33)  121.10(13) 
C(31)-C(32)-C(12)  123.40(13) 
C(34)-C(33)-C(35)  109.44(17) 
C(34)-C(33)-C(36)  107.96(17) 
C(35)-C(33)-C(36)  107.59(15) 
C(34)-C(33)-C(31)  110.54(13) 
C(35)-C(33)-C(31)  108.86(14) 
C(36)-C(33)-C(31)  112.38(14) 
C(45)-N(40)-C(41)  113.12(14) 
C(45)-N(40)-C(43)  113.79(14) 
C(41)-N(40)-C(43)  111.92(13) 
N(40)-C(41)-C(42)  112.34(15) 
C(44)-C(43)-N(40)  114.47(17) 
N(40)-C(45)-C(46)  113.55(17) 
Cl(51)-C(50)-Cl(52) 110.40(8) 
Cl(62)-C(60)-Cl(61) 110.35(9) 
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Co(1)-O(1
Co(1)-O(1
Co(1)-N(8
Co(1)-N(4
Co(1)-Cl(
Co(1)-Cl(
Co(1)-Co(
Co(2)-O(1
Co(2)-O(1
Co(2)-N(1
Co(2)-N(1
Co(2)-Cl(
O(1)-C(1)
C(1)-C(20
C(1)-C(2)
C(2)-C(23
C(2)-C(3)
C(3)-N(4)
N(4)-C(5)
C(5)-C(6)
C(6)-C(28
C(6)-C(7)
C(6)-C(29
C(7)-N(8)
N(8)-C(9)
C(9)-C(10
C(10)-C(3
C(10)-C(1
C(11)-O(1
C(11)-C(1
C(12)-C(3
C(12)-C(1
C(13)-N(1
N(14)-C(1
C(15)-C(1
C(16)-C(3
C(16)-C(1
C(16)-C(3
C(17)-N(1
a g e  
of Bond Leng
) 2.077
1) 2.115
) 2.120
) 2.146
2) 2.426
1) 2.634
2) 2.941
) 2.096
1) 2.101
4) 2.129
8) 2.144
3) 2.369
 1.342
) 1.410
 1.413
) 1.395
 1.498
 1.487
 1.477
 1.523
) 1.522
 1.526
) 1.541
 1.480
 1.484
) 1.494
0) 1.392
1) 1.410
1) 1.341
2) 1.409
2) 1.390
3) 1.500
4) 1.489
5) 1.476
6) 1.529
7) 1.514
7) 1.524
8) 1.544
8) 1.477
ths and Bond
2(10) 
5(10) 
1(13) 
5(12) 
7(4) 
5(5) 
4(3) 
9(10) 
1(10) 
9(13) 
1(14) 
6(5) 
3(17) 
(2) 
1(19) 
(2) 
(2) 
1(18) 
8(18) 
(2) 
(2) 
(2) 
(2) 
0(18) 
5(19) 
(2) 
(2) 
(2) 
1(18) 
(2) 
(2) 
(2) 
(2) 
(2) 
(2) 
(3) 
(2) 
(2) 
4(18) 
 Angles for  [
 
L1Co2Cl3][H
N(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
N(
N(
N(
C(
C(
C(
N(
C(
C(
C(
C(
C(
 
O(
O(
O(
O(
O(
-DBU] 
18)-C(19)
19)-C(20)
20)-C(21)
21)-C(22)
22)-C(23)
22)-C(24)
24)-C(27')
24)-C(26)
24)-C(25)
24)-C(26')
24)-C(27)
24)-C(25')
30)-C(31)
31)-C(32)
31)-C(33)
33)-C(34')
33)-C(36')
33)-C(35)
33)-C(36)
33)-C(34)
33)-C(35')
41)-C(46)
41)-C(42)
41)-C(51)
42)-C(43)
43)-C(44)
44)-N(45)
45)-C(46)
46)-C(47)
47)-C(48)
48)-C(49)
49)-C(50)
50)-C(51)
1)-Co(1)-O(11
1)-Co(1)-N(8)
11)-Co(1)-N(8
1)-Co(1)-N(4)
11)-Co(1)-N(4
1.4821(19) 
1.506(2) 
1.395(2) 
1.388(2) 
1.386(2) 
1.536(2) 
1.500(12) 
1.507(3) 
1.517(3) 
1.530(13) 
1.547(3) 
1.558(12) 
1.390(2) 
1.386(2) 
1.544(2) 
1.426(8) 
1.481(9) 
1.492(4) 
1.504(3) 
1.574(4) 
1.629(9) 
1.330(2) 
1.460(2) 
1.471(2) 
1.517(3) 
1.505(3) 
1.454(2) 
1.312(2) 
1.485(2) 
1.531(3) 
1.527(3) 
1.518(3) 
1.517(3) 
) 85.80(4) 
 171.82(5) 
) 90.98(4) 
 89.65(4) 
) 172.91(4) 
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N(8)-Co(1)-N(4) 92.80(5) 
O(1)-Co(1)-Cl(2) 96.82(3) 
O(11)-Co(1)-Cl(2) 94.95(3) 
N(8)-Co(1)-Cl(2) 90.94(4) 
N(4)-Co(1)-Cl(2) 90.98(3) 
O(1)-Co(1)-Cl(1) 81.08(3) 
O(11)-Co(1)-Cl(1) 79.20(3) 
N(8)-Co(1)-Cl(1) 90.94(4) 
N(4)-Co(1)-Cl(1) 94.74(3) 
Cl(2)-Co(1)-Cl(1) 173.885(15) 
O(1)-Co(1)-Co(2) 45.47(3) 
O(11)-Co(1)-Co(2) 45.57(3) 
N(8)-Co(1)-Co(2) 128.30(3) 
N(4)-Co(1)-Co(2) 127.99(3) 
Cl(2)-Co(1)-Co(2) 115.000(12) 
Cl(1)-Co(1)-Co(2) 59.530(11) 
O(1)-Co(2)-O(11) 85.67(4) 
O(1)-Co(2)-N(14) 165.36(5) 
O(11)-Co(2)-N(14) 90.48(4) 
O(1)-Co(2)-N(18) 88.85(4) 
O(11)-Co(2)-N(18) 166.12(5) 
N(14)-Co(2)-N(18) 91.65(5) 
O(1)-Co(2)-Cl(3) 100.59(3) 
O(11)-Co(2)-Cl(3) 100.74(3) 
N(14)-Co(2)-Cl(3) 94.00(4) 
N(18)-Co(2)-Cl(3) 92.80(4) 
O(1)-Co(2)-Co(1) 44.92(3) 
O(11)-Co(2)-Co(1) 45.97(3) 
N(14)-Co(2)-Co(1) 124.90(4) 
N(18)-Co(2)-Co(1) 123.29(3) 
Cl(3)-Co(2)-Co(1) 121.529(14) 
C(1)-O(1)-Co(1) 125.81(8) 
C(1)-O(1)-Co(2) 127.50(9) 
Co(1)-O(1)-Co(2) 89.61(4) 
O(1)-C(1)-C(20) 121.69(12) 
O(1)-C(1)-C(2) 121.59(13) 
C(20)-C(1)-C(2) 116.68(13) 
C(23)-C(2)-C(1) 120.19(13) 
C(23)-C(2)-C(3) 118.54(12) 
C(1)-C(2)-C(3) 121.26(13) 
N(4)-C(3)-C(2) 112.71(12) 
C(5)-N(4)-C(3) 108.32(11) 
C(5)-N(4)-Co(1) 118.36(9) 
C(3)-N(4)-Co(1) 108.95(8) 
N(4)-C(5)-C(6) 115.10(12) 
C(28)-C(6)-C(5) 111.55(13) 
C(28)-C(6)-C(7) 111.46(12) 
C(5)-C(6)-C(7) 111.47(13) 
C(28)-C(6)-C(29) 108.49(13) 
C(5)-C(6)-C(29) 106.67(12) 
C(7)-C(6)-C(29) 106.93(13) 
N(8)-C(7)-C(6) 114.44(12) 
C(7)-N(8)-C(9) 109.31(12) 
C(7)-N(8)-Co(1) 117.73(9) 
C(9)-N(8)-Co(1) 108.38(9) 
N(8)-C(9)-C(10) 111.55(13) 
C(30)-C(10)-C(11) 120.92(14) 
C(30)-C(10)-C(9) 118.36(14) 
C(11)-C(10)-C(9) 120.71(14) 
O(11)-C(11)-C(12) 121.98(14) 
O(11)-C(11)-C(10)  121.46(13) 
C(12)-C(11)-C(10)  116.55(14) 
C(11)-O(11)-Co(2)  124.06(9) 
C(11)-O(11)-Co(1)  122.60(9) 
Co(2)-O(11)-Co(1)  88.46(4) 
C(32)-C(12)-C(11)  120.47(15) 
C(32)-C(12)-C(13)  119.07(14) 
C(11)-C(12)-C(13)  120.44(14) 
N(14)-C(13)-C(12)  111.26(13) 
C(15)-N(14)-C(13)  109.49(12) 
C(15)-N(14)-Co(2)  118.22(10) 
C(13)-N(14)-Co(2)  107.40(10) 
N(14)-C(15)-C(16)  114.56(13) 
C(37)-C(16)-C(17)  111.62(14) 
C(37)-C(16)-C(15)  112.03(14) 
C(17)-C(16)-C(15)  111.47(15) 
C(37)-C(16)-C(38)  109.23(15) 
C(17)-C(16)-C(38)  106.43(14) 
C(15)-C(16)-C(38)  105.71(13) 
N(18)-C(17)-C(16)  115.21(13) 
C(17)-N(18)-C(19)  108.04(12) 
C(17)-N(18)-Co(2)  116.86(10) 
C(19)-N(18)-Co(2)  108.35(10) 
N(18)-C(19)-C(20)  112.92(12) 
C(21)-C(20)-C(1)  120.88(13) 
C(21)-C(20)-C(19)  118.04(13) 
C(1)-C(20)-C(19)  121.04(13) 
C(22)-C(21)-C(20)  122.96(14) 
C(23)-C(22)-C(21)  115.67(14) 
C(23)-C(22)-C(24)  120.90(14) 
C(21)-C(22)-C(24)  123.43(14) 
C(22)-C(23)-C(2)  123.60(13) 
C(26)-C(24)-C(25)  110.4(2) 
C(27')-C(24)-C(26') 109.7(10) 
C(27')-C(24)-C(22)  117.4(9) 
C(26)-C(24)-C(22)  112.56(15) 
C(25)-C(24)-C(22)  108.86(18) 
C(26')-C(24)-C(22)  109.5(11) 
C(26)-C(24)-C(27)  107.6(2) 
C(25)-C(24)-C(27)  108.0(2) 
C(22)-C(24)-C(27)  109.35(16) 
C(27')-C(24)-C(25') 106.9(10) 
C(26')-C(24)-C(25') 106.5(10) 
C(22)-C(24)-C(25')  106.2(10) 
C(31)-C(30)-C(10)  122.70(15) 
C(32)-C(31)-C(30)  115.73(15) 
C(32)-C(31)-C(33)  123.21(15) 
C(30)-C(31)-C(33)  121.04(15) 
C(31)-C(32)-C(12)  123.41(15) 
C(34')-C(33)-C(36') 118.1(6) 
C(35)-C(33)-C(36)  111.0(2) 
C(34')-C(33)-C(31)  112.5(5) 
C(36')-C(33)-C(31)  108.9(6) 
C(35)-C(33)-C(31)  109.8(2) 
C(36)-C(33)-C(31)  112.48(17) 
C(36')-C(33)-C(34)  79.2(5) 
C(35)-C(33)-C(34)  107.7(3) 
C(36)-C(33)-C(34)  106.0(3) 
C(31)-C(33)-C(34)  109.77(17) 
C(34')-C(33)-C(35') 106.2(6) 
C(36')-C(33)-C(35') 106.6(6) 
C(46)-N(41)-C(42)  121.90(15) 
C(46)-N(41)-C(51) 121.15(15) 
C(42)-N(41)-C(51) 116.31(14) 
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N(41)-C(4
C(44)-C(4
N(45)-C(4
C(46)-N(4
N(45)-C(4
N(45)-C(4
N(41)-C(4
 
Full List 
 
 
Co(1)-O(1
Co(1)-O(1
Co(1)-N(8
Co(1)-N(4
Co(1)-Cl(
Co(1)-Cl(
Co(1)-Co(
Co(2)-O(1
Co(2)-O(1
Co(2)-N(1
Co(2)-N(1
Co(2)-Cl(
O(1)-C(1)
C(1)-C(20
C(1)-C(2)
C(2)-C(23
C(2)-C(3)
C(3)-N(4)
N(4)-C(5)
C(5)-C(6)
C(6)-C(28
C(6)-C(7)
C(6)-C(29
C(7)-N(8)
N(8)-C(9)
C(9)-C(10
C(10)-C(3
C(10)-C(1
a g e  
2)-C(43) 111.3
3)-C(42) 108.8
4)-C(43) 108.3
5)-C(44) 122.8
6)-N(41) 121.0
6)-C(47) 118.6
6)-C(47) 120.2
of Bond Leng
) 2.093
1) 2.098
) 2.129
) 2.132
2) 2.454
1) 2.615
2) 2.963
1) 2.075
) 2.097
4) 2.127
8) 2.134
3) 2.409
 1.343
) 1.413
 1.415
) 1.395
 1.503
 1.481
 1.486
 1.528
) 1.527
 1.529
) 1.534
 1.474
 1.493
) 1.495
0) 1.391
1) 1.412
7(14) 
4(15) 
1(14) 
9(14) 
2(16) 
9(15) 
6(15) 
ths and Bond
1(16) 
5(17) 
(2) 
(2) 
9(7) 
9(7) 
3(5) 
2(16) 
5(17) 
(2) 
9(19) 
5(7) 
(3) 
(3) 
(4) 
(4) 
(3) 
(3) 
(3) 
(4) 
(4) 
(4) 
(4) 
(3) 
(3) 
(4) 
(4) 
(3) 
 Angles for [L
 
C(
C(
C(
C(
N(
 
 
1Co2Cl3][H-
C(
C(
C(
C(
C(
N(
C(
C(
C(
C(
C(
N(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
46)-C(47)-C(4
49)-C(48)-C(4
50)-C(49)-C(4
51)-C(50)-C(4
41)-C(51)-C(5
MTBD] 
11)-O(11)
11)-C(12)
12)-C(32)
12)-C(13)
13)-N(14)
14)-C(15)
15)-C(16)
16)-C(17)
16)-C(37)
16)-C(38)
17)-N(18)
18)-C(19)
19)-C(20)
20)-C(21)
21)-C(22)
22)-C(23)
22)-C(24)
24)-C(26')
24)-C(25)
24)-C(27)
24)-C(26")
24)-C(25")
24)-C(25')
24)-C(27")
24)-C(27')
24)-C(26)
30)-C(31)
31)-C(32)
8) 114.42(16) 
7) 114.13(18) 
8) 114.57(19) 
9) 113.72(17) 
0) 113.49(16) 
1.342(3) 
1.406(4) 
1.399(3) 
1.504(3) 
1.492(3) 
1.477(3) 
1.529(3) 
1.526(3) 
1.526(4) 
1.539(4) 
1.472(3) 
1.483(3) 
1.500(4) 
1.392(4) 
1.390(4) 
1.391(4) 
1.530(4) 
1.507(8) 
1.510(5) 
1.518(5) 
1.530(9) 
1.533(9) 
1.544(8) 
1.553(9) 
1.557(8) 
1.585(5) 
1.390(4) 
1.385(4) 
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C(31)-C(33) 1.533(4) 
C(33)-C(34) 1.496(6) 
C(33)-C(35') 1.504(8) 
C(33)-C(36) 1.510(5) 
C(33)-C(36") 1.514(8) 
C(33)-C(34') 1.531(7) 
C(33)-C(34") 1.533(8) 
C(33)-C(35") 1.558(8) 
C(33)-C(35) 1.595(6) 
C(33)-C(36') 1.611(8) 
N(41)-C(46) 1.332(4) 
N(41)-C(42) 1.434(5) 
N(41)-C(50) 1.511(5) 
C(42)-C(43) 1.518(6) 
C(43)-C(44) 1.486(5) 
C(44)-N(45) 1.446(4) 
N(45)-C(46) 1.370(4) 
N(45)-C(51) 1.443(4) 
C(46)-N(47) 1.307(4) 
N(47)-C(48) 1.477(5) 
C(48)-C(49) 1.474(5) 
C(49)-C(50) 1.484(7) 
 
O(1)-Co(1)-O(11) 83.97(7) 
O(1)-Co(1)-N(8) 171.23(8) 
O(11)-Co(1)-N(8) 89.58(7) 
O(1)-Co(1)-N(4) 92.00(7) 
O(11)-Co(1)-N(4) 168.55(7) 
N(8)-Co(1)-N(4) 93.20(8) 
O(1)-Co(1)-Cl(2) 97.12(5) 
O(11)-Co(1)-Cl(2) 100.79(5) 
N(8)-Co(1)-Cl(2) 89.91(6) 
N(4)-Co(1)-Cl(2) 90.33(6) 
O(1)-Co(1)-Cl(1) 80.34(5) 
O(11)-Co(1)-Cl(1) 80.76(5) 
N(8)-Co(1)-Cl(1) 92.78(6) 
N(4)-Co(1)-Cl(1) 88.01(6) 
Cl(2)-Co(1)-Cl(1) 176.91(3) 
O(1)-Co(1)-Co(2) 45.06(5) 
O(11)-Co(1)-Co(2) 44.45(4) 
N(8)-Co(1)-Co(2) 126.55(6) 
N(4)-Co(1)-Co(2) 126.95(6) 
Cl(2)-Co(1)-Co(2) 119.27(2) 
Cl(1)-Co(1)-Co(2) 60.048(18) 
O(11)-Co(2)-O(1) 84.43(6) 
O(11)-Co(2)-N(14) 89.94(7) 
O(1)-Co(2)-N(14) 163.27(8) 
O(11)-Co(2)-N(18) 166.09(8) 
O(1)-Co(2)-N(18) 89.42(7) 
N(14)-Co(2)-N(18) 92.48(8) 
O(11)-Co(2)-Cl(3) 102.52(5) 
O(1)-Co(2)-Cl(3) 104.69(5) 
N(14)-Co(2)-Cl(3) 91.89(6) 
N(18)-Co(2)-Cl(3) 91.10(6) 
O(11)-Co(2)-Co(1) 45.08(5) 
O(1)-Co(2)-Co(1) 44.94(4) 
N(14)-Co(2)-Co(1) 122.44(6) 
N(18)-Co(2)-Co(1) 123.61(6) 
Cl(3)-Co(2)-Co(1) 125.84(2) 
C(1)-O(1)-Co(1) 124.16(15) 
C(1)-O(1)-Co(2) 125.10(14) 
Co(1)-O(1)-Co(2) 90.00(6) 
O(1)-C(1)-C(20) 121.2(2) 
O(1)-C(1)-C(2) 122.0(2) 
C(20)-C(1)-C(2) 116.8(2) 
C(23)-C(2)-C(1) 120.1(2) 
C(23)-C(2)-C(3) 117.6(2) 
C(1)-C(2)-C(3) 122.3(2) 
N(4)-C(3)-C(2) 113.7(2) 
C(3)-N(4)-C(5) 108.50(19) 
C(3)-N(4)-Co(1) 107.96(17) 
C(5)-N(4)-Co(1) 117.98(15) 
N(4)-C(5)-C(6) 115.9(2) 
C(28)-C(6)-C(5) 111.1(2) 
C(28)-C(6)-C(7) 111.5(2) 
C(5)-C(6)-C(7) 112.0(2) 
C(28)-C(6)-C(29) 109.6(2) 
C(5)-C(6)-C(29) 105.9(2) 
C(7)-C(6)-C(29) 106.5(2) 
N(8)-C(7)-C(6) 115.8(2) 
C(7)-N(8)-C(9) 109.11(18) 
C(7)-N(8)-Co(1) 117.59(16) 
C(9)-N(8)-Co(1) 107.71(16) 
N(8)-C(9)-C(10) 112.3(2) 
C(30)-C(10)-C(11) 121.0(2) 
C(30)-C(10)-C(9) 118.2(2) 
C(11)-C(10)-C(9) 120.8(2) 
O(11)-C(11)-C(12) 122.1(2) 
O(11)-C(11)-C(10) 121.2(2) 
C(12)-C(11)-C(10) 116.7(2) 
C(11)-O(11)-Co(2) 126.81(15) 
C(11)-O(11)-Co(1) 125.42(15) 
Co(2)-O(11)-Co(1) 90.47(6) 
C(32)-C(12)-C(11) 120.3(2) 
C(32)-C(12)-C(13) 117.6(2) 
C(11)-C(12)-C(13) 122.0(2) 
N(14)-C(13)-C(12) 112.9(2) 
C(15)-N(14)-C(13) 108.58(19) 
C(15)-N(14)-Co(2) 118.33(15) 
C(13)-N(14)-Co(2) 107.73(15) 
N(14)-C(15)-C(16) 116.0(2) 
C(17)-C(16)-C(37) 111.3(2) 
C(17)-C(16)-C(15) 111.2(2) 
C(37)-C(16)-C(15) 112.2(2) 
C(17)-C(16)-C(38) 107.6(2) 
C(37)-C(16)-C(38) 108.3(2) 
C(15)-C(16)-C(38) 106.0(2) 
N(18)-C(17)-C(16) 114.2(2) 
C(17)-N(18)-C(19) 110.36(19) 
C(17)-N(18)-Co(2) 117.24(15) 
C(19)-N(18)-Co(2) 107.14(15) 
N(18)-C(19)-C(20) 111.4(2) 
C(21)-C(20)-C(1) 120.9(2) 
C(21)-C(20)-C(19) 117.9(2) 
C(1)-C(20)-C(19) 121.2(2) 
C(22)-C(21)-C(20) 122.9(2) 
C(21)-C(22)-C(23) 115.7(2) 
C(21)-C(22)-C(24) 122.9(2) 
C(23)-C(22)-C(24) 121.3(2) 
C(22)-C(23)-C(2) 123.5(3) 
C(25)-C(24)-C(26)  104.7(3) 
C(25)-C(24)-C(27)  112.7(4) 
C(27)-C(24)-C(26)  106.4(4) 
C(26')-C(24)-C(25') 109.6(9) 
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C(25')-C(2
C(26')-C(2
C(26")-C(
C(25")-C(
C(26")-C(
C(25)-C(2
C(22)-C(2
C(27)-C(2
C(22)-C(2
C(26')-C(2
C(22)-C(2
C(22)-C(2
C(26")-C(
C(22)-C(2
C(31)-C(3
C(32)-C(3
C(32)-C(3
C(30)-C(3
C(31)-C(3
C(34)-C(3
C(31)-C(3
C(36)-C(3
C(34')-C(3
C(35')-C(3
C(31)-C(3
C(34")-C(
C(31)-C(3
 
 
Full List 
 
Co(1)-O(1
Co(1)-O(1
Co(1)-N(8
Co(1)-N(4
Co(1)-N(4
Co(1)-Cl(
Co(1)-Co(
a g e  
4)-C(27') 
4)-C(27') 
24)-C(25") 
24)-C(27") 
24)-C(27") 
4)-C(22)  
4)-C(26)  
4)-C(22)  
4)-C(25')  
4)-C(22)  
4)-C(27')  
4)-C(25") 
24)-C(22) 
4)-C(27") 
0)-C(10)  
1)-C(30)  
1)-C(33)  
1)-C(33)  
2)-C(12)  
3)-C(31)  
3)-C(35)  
3)-C(31)  
3)-C(31)  
3)-C(31)  
3)-C(36')  
33)-C(31) 
3)-C(35") 
of Bond Leng
) 2.061
1) 2.065
) 2.110
) 2.131
0) 2.145
1) 2.646
2) 2.920
105.5(7) 
110.3(8) 
109.2(12)
107.2(11)
106.9(11)
114.1(3) 
108.6(3) 
109.9(3) 
107.8(9) 
115.9(8) 
107.1(7) 
118.7(19)
111.6(16)
102.3(18)
122.6(2) 
116.1(2) 
123.0(2) 
120.9(2) 
123.2(2) 
110.2(4) 
106.8(3) 
112.5(3) 
118.9(7) 
116.1(7) 
103.0(6) 
111.8(8) 
105.0(10)
ths and Bond
(3) 
(3) 
(3) 
(3) 
(3) 
1(11) 
4(8) 
 
 
 
 
 
 
 
 
 Angles for [L
 
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
C(
N(
C(
N(
C(
C(
C(
N(
N(
N(
C(
C(
C(
C(
1Co2Cl2(Me
Co
Co
Co
Co
Co
Co
O(
36")-C(33)-C(
34)-C(33)-C(3
34)-C(33)-C(3
36)-C(33)-C(3
35')-C(33)-C(3
34')-C(33)-C(3
35')-C(33)-C(3
34")-C(33)-C(
36")-C(33)-C(
36")-C(33)-C(
46)-N(41)-C(4
46)-N(41)-C(5
42)-N(41)-C(5
41)-C(42)-C(4
44)-C(43)-C(4
45)-C(44)-C(4
46)-N(45)-C(5
46)-N(45)-C(4
51)-N(45)-C(4
47)-C(46)-N(4
47)-C(46)-N(4
41)-C(46)-N(4
46)-N(47)-C(4
49)-C(48)-N(4
48)-C(49)-C(5
49)-C(50)-N(4
Im)] 
(2)-O(11)
(2)-O(1)
(2)-N(18)
(2)-N(14)
(2)-Cl(2)
(2)-Cl(1)
1)-C(1)
31) 11
5)  10
6)  11
5)  10
4') 11
6') 10
6') 10
35") 10
34") 11
35") 10
2)  12
0)  11
0)  11
3)  11
2)  10
3)  11
1)  11
4)  12
4)  11
1)  12
5)  11
5)  11
8)  12
7)  10
0)  11
1)  11
2.049(2) 
2.085(3) 
2.111(3) 
2.126(3) 
2.4064(11) 
2.7275(12) 
1.343(4) 
Appe
3.9(8) 
9.7(5) 
3.4(5) 
3.7(5) 
2.3(8) 
0.4(7) 
2.7(7) 
5.3(8) 
2.0(8) 
8.2(8) 
4.3(3) 
9.1(3) 
3.7(3) 
0.4(3) 
8.9(3) 
2.0(3) 
8.7(3) 
0.6(3) 
8.3(3) 
2.7(3) 
8.4(3) 
8.7(3) 
2.4(3) 
9.0(3) 
2.4(4) 
2.5(3) 
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C(1)-C(2) 1.407(6) 
C(1)-C(20) 1.410(5) 
C(2)-C(23) 1.400(5) 
C(2)-C(3) 1.495(6) 
C(3)-N(4) 1.477(5) 
N(4)-C(5) 1.477(5) 
C(5)-C(6) 1.524(6) 
C(6)-C(28) 1.527(7) 
C(6)-C(7) 1.528(6) 
C(6)-C(29) 1.535(6) 
C(7)-N(8) 1.468(5) 
N(8)-C(9) 1.489(5) 
C(9)-C(10) 1.498(5) 
C(10)-C(30) 1.400(5) 
C(10)-C(11) 1.409(5) 
C(11)-O(11) 1.342(4) 
C(11)-C(12) 1.404(5) 
C(12)-C(32) 1.400(5) 
C(12)-C(13) 1.504(5) 
C(13)-N(14) 1.487(5) 
N(14)-C(15) 1.481(5) 
C(15)-C(16) 1.529(6) 
C(16)-C(37) 1.520(7) 
C(16)-C(17) 1.539(6) 
C(16)-C(38) 1.546(6) 
C(17)-N(18) 1.477(5) 
N(18)-C(19) 1.493(5) 
C(19)-C(20) 1.502(6) 
C(20)-C(21) 1.393(5) 
C(21)-C(22) 1.398(6) 
C(22)-C(23) 1.383(6) 
C(22)-C(24) 1.538(6) 
C(24)-C(27) 1.472(8) 
C(24)-C(26') 1.485(13) 
C(24)-C(25) 1.516(9) 
C(24)-C(25') 1.544(14) 
C(24)-C(26) 1.569(9) 
C(24)-C(27') 1.580(13) 
C(30)-C(31) 1.381(6) 
C(31)-C(32) 1.392(5) 
C(31)-C(33) 1.531(5) 
C(33)-C(34) 1.492(9) 
C(33)-C(36') 1.496(10) 
C(33)-C(34') 1.525(9) 
C(33)-C(35) 1.526(9) 
C(33)-C(35') 1.555(9) 
C(33)-C(36) 1.571(9) 
N(40)-C(41) 1.319(5) 
N(40)-C(44) 1.376(5) 
C(41)-N(42) 1.353(5) 
N(42)-C(43) 1.369(6) 
N(42)-C(45) 1.467(6) 
C(43)-C(44) 1.353(7) 
O(50)-C(54) 1.381(10) 
O(50)-C(51) 1.427(9) 
C(51)-C(52) 1.476(10) 
C(52)-C(53) 1.471(10) 
C(53)-C(54) 1.524(11) 
O(50')-C(51') 1.434(17) 
O(50')-C(54') 1.449(17) 
C(51')-C(52') 1.487(15) 
C(52')-C(53') 1.487(15) 
C(53')-C(54') 1.508(16) 
O(60)-C(61) 1.513(11) 
O(60)-C(64) 1.543(12) 
C(61)-C(62) 1.478(12) 
C(62)-C(63) 1.486(12) 
C(63)-C(64) 1.406(10) 
O(60')-C(64') 1.534(16) 
O(60')-C(61') 1.553(16) 
C(61')-C(62') 1.471(15) 
C(62')-C(63') 1.494(14) 
C(63')-C(64') 1.460(14) 
 
O(1)-Co(1)-O(11)  83.86(10) 
O(1)-Co(1)-N(8)  170.42(11) 
O(11)-Co(1)-N(8)  90.38(11) 
O(1)-Co(1)-N(4)  89.58(12) 
O(11)-Co(1)-N(4)  169.88(11) 
N(8)-Co(1)-N(4)  95.04(13) 
O(1)-Co(1)-N(40)  92.59(12) 
O(11)-Co(1)-N(40)  89.58(12) 
N(8)-Co(1)-N(40)  95.02(13) 
N(4)-Co(1)-N(40)  98.43(13) 
O(1)-Co(1)-Cl(1)  80.33(8) 
O(11)-Co(1)-Cl(1)  79.99(7) 
N(8)-Co(1)-Cl(1)  91.16(9) 
N(4)-Co(1)-Cl(1)  91.34(10) 
N(40)-Co(1)-Cl(1)  167.92(10) 
O(1)-Co(1)-Co(2)  45.55(7) 
O(11)-Co(1)-Co(2)  44.56(7) 
N(8)-Co(1)-Co(2)  125.79(9) 
N(4)-Co(1)-Co(2)  126.03(9) 
N(40)-Co(1)-Co(2)  109.71(10) 
Cl(1)-Co(1)-Co(2)  58.43(3) 
O(11)-Co(2)-O(1)  83.63(9) 
O(11)-Co(2)-N(18)  166.75(12) 
O(1)-Co(2)-N(18)  88.80(11) 
O(11)-Co(2)-N(14)  89.53(11) 
O(1)-Co(2)-N(14)  166.60(12) 
N(18)-Co(2)-N(14)  95.58(12) 
O(11)-Co(2)-Cl(2)  97.83(8) 
O(1)-Co(2)-Cl(2)  98.68(8) 
N(18)-Co(2)-Cl(2)  94.05(10) 
N(14)-Co(2)-Cl(2)  93.65(10) 
O(11)-Co(2)-Cl(1)  78.27(8) 
O(1)-Co(2)-Cl(1)  77.97(8) 
N(18)-Co(2)-Cl(1)  89.54(10) 
N(14)-Co(2)-Cl(1)  89.38(10) 
Cl(2)-Co(2)-Cl(1)  175.06(4) 
O(11)-Co(2)-Co(1)  44.99(7) 
O(1)-Co(2)-Co(1)  44.88(7) 
N(18)-Co(2)-Co(1)  123.17(10) 
N(14)-Co(2)-Co(1)  123.56(9) 
Cl(2)-Co(2)-Co(1)  119.33(3) 
Cl(1)-Co(2)-Co(1)  55.75(3) 
Co(1)-Cl(1)-Co(2)  65.82(3) 
C(1)-O(1)-Co(1)  127.2(2) 
C(1)-O(1)-Co(2)  128.1(2) 
Co(1)-O(1)-Co(2)  89.56(10) 
O(1)-C(1)-C(2)  121.6(3) 
O(1)-C(1)-C(20)  120.2(3) 
C(2)-C(1)-C(20)  118.1(3) 
C(23)-C(2)-C(1)  119.8(4) 
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C(23)-C(2)-C(3)  118.2(4) 
C(1)-C(2)-C(3)  121.9(3) 
N(4)-C(3)-C(2)  114.1(3) 
C(3)-N(4)-C(5)  110.5(3) 
C(3)-N(4)-Co(1)  109.0(3) 
C(5)-N(4)-Co(1)  118.3(2) 
N(4)-C(5)-C(6)  116.2(3) 
C(5)-C(6)-C(28)  110.5(4) 
C(5)-C(6)-C(7)  112.0(4) 
C(28)-C(6)-C(7)  111.2(4) 
C(5)-C(6)-C(29)  106.5(4) 
C(28)-C(6)-C(29)  109.3(4) 
C(7)-C(6)-C(29)  107.0(4) 
N(8)-C(7)-C(6)  116.7(3) 
C(7)-N(8)-C(9)  109.4(3) 
C(7)-N(8)-Co(1)  117.6(2) 
C(9)-N(8)-Co(1)  108.1(2) 
N(8)-C(9)-C(10)  113.7(3) 
C(30)-C(10)-C(11)  119.3(3) 
C(30)-C(10)-C(9)  117.7(3) 
C(11)-C(10)-C(9)  123.0(3) 
O(11)-C(11)-C(12)  120.9(3) 
O(11)-C(11)-C(10)  120.8(3) 
C(12)-C(11)-C(10)  118.2(3) 
C(11)-O(11)-Co(2)  128.4(2) 
C(11)-O(11)-Co(1)  126.5(2) 
Co(2)-O(11)-Co(1)  90.45(9) 
C(32)-C(12)-C(11)  119.7(3) 
C(32)-C(12)-C(13)  117.4(3) 
C(11)-C(12)-C(13)  122.6(3) 
N(14)-C(13)-C(12)  113.6(3) 
C(15)-N(14)-C(13)  109.1(3) 
C(15)-N(14)-Co(2)  116.5(2) 
C(13)-N(14)-Co(2)  108.3(2) 
N(14)-C(15)-C(16)  115.7(3) 
C(37)-C(16)-C(15)  111.6(4) 
C(37)-C(16)-C(17)  111.8(4) 
C(15)-C(16)-C(17)  111.6(3) 
C(37)-C(16)-C(38)  109.8(3) 
C(15)-C(16)-C(38)  106.0(3) 
C(17)-C(16)-C(38)  105.7(3) 
N(18)-C(17)-C(16)  116.0(3) 
C(17)-N(18)-C(19)  108.8(3) 
C(17)-N(18)-Co(2)  116.2(2) 
C(19)-N(18)-Co(2)  107.8(2) 
N(18)-C(19)-C(20)  113.3(3) 
C(21)-C(20)-C(1)  119.6(4) 
C(21)-C(20)-C(19)  118.3(4) 
C(1)-C(20)-C(19)  122.0(3) 
C(20)-C(21)-C(22)  123.0(4) 
C(23)-C(22)-C(21)  116.2(4) 
C(23)-C(22)-C(24)  123.0(4) 
C(21)-C(22)-C(24)  120.7(4) 
C(22)-C(23)-C(2)  123.0(4) 
C(27)-C(24)-C(25)  113.8(7) 
C(27)-C(24)-C(22)  113.2(5) 
C(26')-C(24)-C(22)  117.3(15) 
C(25)-C(24)-C(22)  109.3(6) 
C(26')-C(24)-C(25') 109.2(12) 
C(22)-C(24)-C(25')  109.8(16) 
C(27)-C(24)-C(26)  106.7(5) 
C(25)-C(24)-C(26)  105.9(6) 
C(22)-C(24)-C(26)  107.5(4) 
C(26')-C(24)-C(27') 107.9(11) 
C(22)-C(24)-C(27')  108.3(11) 
C(25')-C(24)-C(27') 103.5(11) 
C(31)-C(30)-C(10)  123.2(3) 
C(30)-C(31)-C(32)  116.3(3) 
C(30)-C(31)-C(33)  121.5(3) 
C(32)-C(31)-C(33)  122.1(4) 
C(31)-C(32)-C(12)  122.6(4) 
C(36')-C(33)-C(34') 110.6(6) 
C(34)-C(33)-C(35)  111.0(6) 
C(34)-C(33)-C(31)  115.3(5) 
C(36')-C(33)-C(31)  114.8(6) 
C(34')-C(33)-C(31)  107.4(5) 
C(35)-C(33)-C(31)  109.2(5) 
C(36')-C(33)-C(35') 108.1(6) 
C(34')-C(33)-C(35') 106.6(6) 
C(31)-C(33)-C(35')  108.9(5) 
C(34)-C(33)-C(36)  107.7(6) 
C(35)-C(33)-C(36)  104.7(6) 
C(31)-C(33)-C(36)  108.4(5) 
C(41)-N(40)-C(44)  105.6(3) 
C(41)-N(40)-Co(1)  119.1(3) 
C(44)-N(40)-Co(1)  134.8(3) 
N(40)-C(41)-N(42)  111.0(4) 
C(41)-N(42)-C(43)  107.3(4) 
C(41)-N(42)-C(45)  126.9(4) 
C(43)-N(42)-C(45)  125.7(4) 
C(44)-C(43)-N(42)  106.1(4) 
C(43)-C(44)-N(40)  110.0(4) 
C(54)-O(50)-C(51)  106.8(7) 
O(50)-C(51)-C(52)  102.9(6) 
C(53)-C(52)-C(51)  106.1(6) 
C(52)-C(53)-C(54)  104.1(6) 
O(50)-C(54)-C(53)  102.4(7) 
C(51')-O(50')-C(54') 101.6(16) 
O(50')-C(51')-C(52') 103.0(13) 
C(53')-C(52')-C(51') 105.1(9) 
C(52')-C(53')-C(54') 103.1(10) 
O(50')-C(54')-C(53') 99.3(13) 
C(61)-O(60)-C(64)  98.8(11) 
C(62)-C(61)-O(60)  104.2(7) 
C(61)-C(62)-C(63)  104.0(8) 
C(64)-C(63)-C(62)  109.7(7) 
C(63)-C(64)-O(60)  104.2(7) 
C(64')-O(60')-C(61') 94.8(16) 
C(62')-C(61')-O(60') 102.8(12) 
C(61')-C(62')-C(63') 105.5(9) 
C(64')-C(63')-C(62') 105.2(9) 
C(63')-C(64')-O(60') 101.9(10) 
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Co(1)-O(1) 2.0819(14) 
Co(1)-O(11) 2.1066(15) 
Co(1)-N(8) 2.1224(19) 
Co(1)-N(4) 2.1259(19) 
Co(1)-N(41) 2.1261(18) 
Co(1)-Cl(1) 2.6748(6) 
Co(1)-Co(2) 2.9384(4) 
Co(2)-O(11) 2.1024(15) 
Co(2)-O(1) 2.1105(15) 
Co(2)-N(18) 2.1228(19) 
Co(2)-N(14) 2.1254(18) 
Co(2)-Cl(2) 2.4105(6) 
Co(2)-Cl(1) 2.6681(6) 
O(1)-C(1) 1.337(3) 
C(1)-C(2) 1.412(3) 
C(1)-C(20) 1.421(3) 
C(2)-C(23) 1.386(3) 
C(2)-C(3) 1.504(3) 
C(3)-N(4) 1.489(3) 
N(4)-C(5) 1.491(3) 
C(5)-C(6) 1.517(3) 
C(6)-C(28) 1.531(4) 
C(6)-C(7) 1.532(4) 
C(6)-C(29) 1.547(3) 
C(7)-N(8) 1.484(3) 
N(8)-C(9) 1.485(3) 
C(9)-C(10) 1.506(3) 
C(10)-C(30) 1.388(3) 
C(10)-C(11) 1.410(3) 
C(11)-O(11) 1.339(3) 
C(11)-C(12) 1.414(3) 
C(12)-C(32) 1.381(3) 
C(12)-C(13) 1.506(3) 
C(13)-N(14) 1.487(3) 
N(14)-C(15) 1.482(3) 
C(15)-C(16) 1.534(3) 
C(16)-C(17) 1.524(3) 
C(16)-C(37) 1.529(3) 
C(16)-C(38) 1.538(3) 
C(17)-N(18) 1.487(3) 
N(18)-C(19) 1.488(3) 
C(19)-C(20) 1.501(3) 
C(20)-C(21) 1.383(3) 
C(21)-C(22) 1.389(3) 
C(22)-C(23) 1.390(3) 
C(22)-C(24) 1.539(4) 
C(24)-C(25') 1.466(9) 
C(24)-C(27) 1.492(5) 
C(24)-C(27') 1.528(10) 
C(24)-C(26) 1.533(5) 
C(24)-C(25) 1.534(5) 
C(24)-C(26') 1.555(10) 
C(30)-C(31) 1.393(3) 
C(31)-C(32) 1.395(3) 
C(31)-C(33) 1.535(3) 
C(33)-C(36') 1.504(13) 
C(33)-C(34) 1.505(4) 
C(33)-C(35') 1.505(12) 
C(33)-C(34') 1.524(12) 
C(33)-C(36) 1.531(5) 
C(33)-C(35) 1.532(4) 
N(41)-C(42) 1.354(3) 
N(41)-C(46) 1.355(3) 
C(42)-C(43) 1.365(3) 
C(43)-C(44) 1.410(3) 
C(44)-N(47) 1.349(3) 
C(44)-C(45) 1.415(3) 
C(45)-C(46) 1.366(3) 
N(47)-C(49) 1.448(3) 
N(47)-C(48) 1.450(3) 
 
O(1)-Co(1)-O(11)  85.98(6) 
O(1)-Co(1)-N(8)  170.47(7) 
O(11)-Co(1)-N(8)  90.08(7) 
O(1)-Co(1)-N(4)  90.98(7) 
O(11)-Co(1)-N(4)  168.60(7) 
N(8)-Co(1)-N(4)  91.21(7) 
O(1)-Co(1)-N(41)  89.43(6) 
O(11)-Co(1)-N(41)  91.79(7) 
N(8)-Co(1)-N(41)  99.38(7) 
N(4)-Co(1)-N(41)  99.17(7) 
O(1)-Co(1)-Cl(1)  78.07(4) 
O(11)-Co(1)-Cl(1)  78.78(4) 
N(8)-Co(1)-Cl(1)  92.66(5) 
N(4)-Co(1)-Cl(1)  89.84(5) 
N(41)-Co(1)-Cl(1)  164.75(5) 
O(1)-Co(1)-Co(2)  45.90(4) 
O(11)-Co(1)-Co(2)  45.67(4) 
N(8)-Co(1)-Co(2)  126.62(5) 
N(4)-Co(1)-Co(2)  126.44(5) 
N(41)-Co(1)-Co(2)  108.38(5) 
Cl(1)-Co(1)-Co(2)  56.526(14) 
O(11)-Co(2)-O(1)  85.37(6) 
O(11)-Co(2)-N(18)  171.16(6) 
O(1)-Co(2)-N(18)  89.59(6) 
O(11)-Co(2)-N(14)  90.29(6) 
O(1)-Co(2)-N(14)  168.29(6) 
N(18)-Co(2)-N(14)  93.25(7) 
O(11)-Co(2)-Cl(2)  94.49(4) 
O(1)-Co(2)-Cl(2)  97.71(4) 
N(18)-Co(2)-Cl(2)  93.38(5) 
N(14)-Co(2)-Cl(2)  93.47(5) 
O(11)-Co(2)-Cl(1)  79.01(4) 
O(1)-Co(2)-Cl(1)  77.77(4) 
N(18)-Co(2)-Cl(1)  92.84(5) 
N(14)-Co(2)-Cl(1)  90.74(5) 
Cl(2)-Co(2)-Cl(1)  172.28(2) 
O(11)-Co(2)-Co(1)  45.78(4) 
O(1)-Co(2)-Co(1)  45.10(4) 
N(18)-Co(2)-Co(1)  126.48(5) 
N(14)-Co(2)-Co(1)  125.95(5) 
Cl(2)-Co(2)-Co(1)  115.667(18) 
Cl(1)-Co(2)-Co(1)  56.744(14) 
Co(2)-Cl(1)-Co(1)  66.730(15) 
C(1)-O(1)-Co(1)  125.09(12) 
C(1)-O(1)-Co(2)  125.05(12) 
Co(1)-O(1)-Co(2)  89.00(6) 
O(1)-C(1)-C(2)  122.51(19) 
O(1)-C(1)-C(20)  121.13(19) 
C(2)-C(1)-C(20)  116.3(2) 
C(23)-C(2)-C(1)  121.0(2) 
C(23)-C(2)-C(3)  117.32(19) 
C(1)-C(2)-C(3)  121.7(2) 
N(4)-C(3)-C(2)  113.09(17) 
C(3)-N(4)-C(5)  108.89(17) 
C(3)-N(4)-Co(1)  109.31(13) 
C(5)-N(4)-Co(1)  122.06(15) 
N(4)-C(5)-C(6)  115.23(19) 
C(5)-C(6)-C(28)  111.5(2) 
C(5)-C(6)-C(7)  111.1(2) 
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C(28)-C(6)-C(7)  111.9(2) 
C(5)-C(6)-C(29)  106.4(2) 
C(28)-C(6)-C(29)  109.4(2) 
C(7)-C(6)-C(29)  106.2(2) 
N(8)-C(7)-C(6)  115.16(19) 
C(7)-N(8)-C(9)  110.26(17) 
C(7)-N(8)-Co(1)  118.29(15) 
C(9)-N(8)-Co(1)  107.25(14) 
N(8)-C(9)-C(10)  110.84(18) 
C(30)-C(10)-C(11)  121.1(2) 
C(30)-C(10)-C(9)  118.9(2) 
C(11)-C(10)-C(9)  120.0(2) 
O(11)-C(11)-C(10)  121.58(19) 
O(11)-C(11)-C(12)  121.95(19) 
C(10)-C(11)-C(12)  116.4(2) 
C(11)-O(11)-Co(2)  125.18(13) 
C(11)-O(11)-Co(1)  123.97(13) 
Co(2)-O(11)-Co(1)  88.55(6) 
C(32)-C(12)-C(11)  120.5(2) 
C(32)-C(12)-C(13)  118.6(2) 
C(11)-C(12)-C(13)  121.0(2) 
N(14)-C(13)-C(12)  112.88(18) 
C(15)-N(14)-C(13)  107.68(17) 
C(15)-N(14)-Co(2)  117.20(14) 
C(13)-N(14)-Co(2)  109.42(13) 
N(14)-C(15)-C(16)  115.39(18) 
C(17)-C(16)-C(37)  111.60(19) 
C(17)-C(16)-C(15)  111.60(18) 
C(37)-C(16)-C(15)  111.20(19) 
C(17)-C(16)-C(38)  107.10(18) 
C(37)-C(16)-C(38)  108.76(19) 
C(15)-C(16)-C(38)  106.32(18) 
N(18)-C(17)-C(16)  114.54(17) 
C(17)-N(18)-C(19)  109.13(16) 
C(17)-N(18)-Co(2)  117.22(14) 
C(19)-N(18)-Co(2)  108.53(13) 
N(18)-C(19)-C(20)  112.41(17) 
C(21)-C(20)-C(1)  120.3(2) 
C(21)-C(20)-C(19)  119.49(19) 
C(1)-C(20)-C(19)  120.2(2) 
C(20)-C(21)-C(22)  123.8(2) 
C(21)-C(22)-C(23)  115.3(2) 
C(21)-C(22)-C(24)  121.7(2) 
C(23)-C(22)-C(24)  123.0(2) 
C(2)-C(23)-C(22)  123.3(2) 
C(25')-C(24)-C(27)  130.5(6) 
C(25')-C(24)-C(27') 108.4(7) 
C(27)-C(24)-C(27')  60.1(5) 
C(25')-C(24)-C(26)  47.9(5) 
C(27)-C(24)-C(26)  109.2(4) 
C(27')-C(24)-C(26)  142.0(6) 
C(25')-C(24)-C(25)  59.9(5) 
C(27)-C(24)-C(25)  110.5(4) 
C(27')-C(24)-C(25)  54.6(5) 
C(26)-C(24)-C(25)  107.4(3) 
C(25')-C(24)-C(22)  116.7(6) 
C(27)-C(24)-C(22)  112.3(3) 
C(27')-C(24)-C(22)  108.4(6) 
C(26)-C(24)-C(22)  109.1(3) 
C(25)-C(24)-C(22)  108.2(3) 
C(25')-C(24)-C(26') 108.6(7) 
C(27)-C(24)-C(26')  47.7(5) 
C(27')-C(24)-C(26') 106.8(7) 
C(26)-C(24)-C(26')  66.5(5) 
C(25)-C(24)-C(26')  143.7(6) 
C(22)-C(24)-C(26')  107.5(6) 
C(10)-C(30)-C(31)  122.9(2) 
C(30)-C(31)-C(32)  115.2(2) 
C(30)-C(31)-C(33)  123.3(2) 
C(32)-C(31)-C(33)  121.5(2) 
C(12)-C(32)-C(31)  123.8(2) 
C(36')-C(33)-C(34)  140.1(11) 
C(36')-C(33)-C(35') 110.6(10) 
C(34)-C(33)-C(35')  62.7(9) 
C(36')-C(33)-C(34') 108.9(10) 
C(34)-C(33)-C(34')  51.3(9) 
C(35')-C(33)-C(34') 111.8(10) 
C(36')-C(33)-C(36)  49.8(9) 
C(34)-C(33)-C(36)  109.5(3) 
C(35')-C(33)-C(36)  142.6(11) 
C(34')-C(33)-C(36)  61.7(9) 
C(36')-C(33)-C(35)  61.3(9) 
C(34)-C(33)-C(35)  108.4(3) 
C(35')-C(33)-C(35)  50.9(9) 
C(34')-C(33)-C(35)  139.1(11) 
C(36)-C(33)-C(35)  107.5(3) 
C(36')-C(33)-C(31)  109.5(11) 
C(34)-C(33)-C(31)  109.9(2) 
C(35')-C(33)-C(31)  107.4(11) 
C(34')-C(33)-C(31)  108.6(11) 
C(36)-C(33)-C(31)  109.4(3) 
C(35)-C(33)-C(31)  112.1(2) 
C(42)-N(41)-C(46)  114.37(18) 
C(42)-N(41)-Co(1)  130.07(15) 
C(46)-N(41)-Co(1)  115.12(14) 
N(41)-C(42)-C(43)  125.4(2) 
C(42)-C(43)-C(44)  119.87(19) 
N(47)-C(44)-C(43)  122.8(2) 
N(47)-C(44)-C(45)  122.0(2) 
C(43)-C(44)-C(45)  115.2(2) 
C(46)-C(45)-C(44)  120.4(2) 
N(41)-C(46)-C(45)  124.7(2) 
C(44)-N(47)-C(49)  120.3(2) 
C(44)-N(47)-C(48)  122.3(2) 
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Full MALDI-TOF spectrum for Fig. 4.20:  ([L1Co2Cl3][HNEt3])
 
Full MALDI-TOF spectrum for Fig. 4.20:  ([L1Co2Cl2(py)]) 
 
